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ABSTRACT
The area of chemical research and synthesis increasingly recognises the need for 
improved teclinologies and methods, which involves chemical processes with less 
energy consumption, time savings, reduction and/or minimisation of waste, simple 
processes and an overall clean production. Microwave heating has been exploited in 
a variety of disciplines for many useful applications and organic synthesis is an area, 
which has benefited significantly over the past decade.
The present study investigates organic reactions accelerated under microwave 
irradiations. In particulai', the study involves use of recyclable Polymer and Inorganic 
Solid Supported Reagents for application in transfer hydrogenation. Reductions of 
electron deficient alkenes have been studied using polymer and inorganic solid 
supported formates. Microwave iiTadiations have been used to study transfer 
hydrogenations in presence of Wilkinson’s catalyst [RliCl(PPli3)3]. The application of 
the Polymer Supported Reagents {PSR) has been investigated for studying tiansfer 
hydi'ogenation in A-benzyl deprotections. Microwave assisted synthesis of 
fomiamides fiom primary and secondary amines have been studied using supported 
formates. Microwave iiTadiations have also been applied in studying heterocycle 
synthesis by cycloaddition of nitrones with Pt (II) and Pd(II) bound organonitriles.
The study broadly demonstrates a means of simplifying reaction procedures and 
pmification along with reduction in waste of reagents and release of toxic residues. 
More importantly, use of microwave iiTadiations has been used to substantially 
improve the reaction yields and reduce reaction times, lower energy consumption and 
solvent volumes. The use of this methodology significantly benefits in the 
development o f G r e e n  Chemistry” and automated systems for chemical synthesis in 
many industiial sectors.
Bimbisar Desai
December 2002
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1.0 INTRODUCTION
111 a standard laboratory practice, synthetic reactions are still earned out in glassware and 
heating processes requiring oil baths, heating mantles, and hotplates. However, the past 
few decades have significantly contributed to the advancement of practical organic 
chemistry with introduction of novel synthetic strategies, metliods^ and analytical 
techniques.^ Research activities focussed on the application of innovative techniques for 
chemical transformations at a fimdamental and applied level have gained priority. These 
tecliniques aim to achieve chemical synthesis which are efficient, selective, time saving 
and involve easier processing conditions.
This chapter discusses a brief outlook of significant tecluiiques of a non-conventional 
natiue exploited in chemical synthesis. Following which is a discussion on the definition 
and the elementary concepts of one such technique, microwaves^ the use of which is 
important in organic synthesis.
1.1 Non-Classical or Extreme Techniques
Recent activities in chemical process development and management have stimulated the 
exploitation of different methods, hi pai'ticular, non-classical or extreme tecluiiques like 
high pressure, supercritical fluids, ultrasoimd, microwaves and pulse-plasma discharges 
have cmcially contributed in the development of chemical synthesis with lower energy 
consumption, cleaner and more selective chemical transformations (see Figure 1.1). The 
most advantageous features involving these techniques may be liighlighted as under.
High Pressure/temperature 
Supercritical Fluids 
Ionic liquidReactants ---------------------------------------- ProductsPulse-plasma discharge 
Ultrasound 
Microwaves 
Microreactors
Figure 1.1 Chemical transformation under non-classical or extreme conditions
1.1.1 High Pressure
The advantages of high pressiue application have been known from the pioneering 
studies on an effective coiu'se of the Diel-Alder reaction in synthesis of important 
heterocyclic systems. The rates and equilibriimi of many chemical reactions is
1
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influenced by pressure. The application of high pressure offers the possibility of 
carrying reactions under mild conditions usually preventing adverse side effects, 
reducing reaction times and givmg enhanced yields. High pressure, apart from the rate- 
constant also influences the regio- and stereoselectivity of organic reactions with good 
yields.^^ In some cases, it also allows compounds to be obtained that are usually 
thermodynamically less favoured at normal pressure. High pressure conditions also 
enhance solubilities.^^ Generally, high pressure conditions in chemical transformations 
leads to a more effective confrol over chemical synthesis, product selectivity, and 
chemical reactivity. However, high pressure conditions usually involve the use of 
specific equipments like autoclaves and many safety aspects have to be imdertaken 
during the experiments which are not always possible to implement.
1.1.2 Supercritical Fluids
Supercritical fluids (SCF) fomi an important aiea of fimdamental reseaidi with 
applications leading to new separation teclmologies like extraction of highly polluting 
organic contaminants fi*om waste waters,"^ '^  ^ milder reaction conditions and improved 
ti'ansport phenomena, high turnover numbers in heterogeneous catalytic systems"^  ^ and 
improved solubilities."^ Studies on the application of SCF in organic synthesis have 
been earned on the Diels-Alder reaction,"® cycloaddition reaction"^ and on a 
heterogeneously catalysed gas-phase reaction, viz. Fischer-Tropsch synthesis"® 
exhibiting a faster heat transport, more efficient mass transfer, in situ extraction of high 
molecular weight products from the pores of the catalyst and a high olefin selectivity in 
the supercritical phase"'’'^  Use of supercritical fluids is not always favourable because, 
only certain liquids can reach their supercritical point and also the substrate solubility is 
specific with certain fluids.
1.1.3 Ultrasound
“Sonochemistry” along with its broad spread applications defines the application of 
ultrasound - the energies generated by acoustic activation to accelerate chemical 
transfoimations. Most studies take place in the frequency range of 20-100 kHz and 
require the presence of a liquid to tiansmit its power. Ultiasound has been exploited in 
chemical synthesis offering a unique method of activating and accelerating chemical 
reactions with enhanced rates^^ and product yields in solid phase organic reactions.
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Applications in organic fine synthesis are numerous, especially in reactions via free 
radicals and polymerisation^'^, inducing degradation of polymers/® This technique is 
particularly beneficial in the synthesis of organometallic intermediates^'^ and for 
improving most types of catalysis including phase transfer,^® solid supported types^^ 
and enzymes/® In addition, it has foimd effective application in enliancing the catalytic 
activity of metal particles/'^’’ Another very important domain lies in the use of 
ultrasound for the destruction of organic material and toxic pollutants in industiial 
wastewater, which resist to other ti'eatments/^ Ultmsound is sensitive only for selected 
organic tiansfbimations and its application in many other reaction schemes does not 
show any useful effects.
1.2 Introduction to Microwaves
Amongst these synthetic techniques of a non-conventional nature,^'^ microwaves, 
commonly employed in the domestic heating of food stuffs, have been recognised by 
scientists as potentially useful in various other disciplines.^'^^ hiterestingly, there has also 
been a considerable expansion in the use of microwave activation for organic synthesis,'^ 
following some rudimentary illustrations'" of organic reactions accelerated in domestic 
ovens.
This chapter discusses the definition of microwaves, principles of microwave heating, 
microwave effect, the microwave reactors/apparatuses and solvents.
1.2.1 Microwaves - Definition
Y-ray X-ray UV Visible Infrared Microwaves Radiowaves
Wavelength (m) 3x l0-i6 3x10 " 3xlQ-<^  3x10 » 3x l0 <'> 3x10-’
Figure 1.2 Electromagnetic spectrum.
3x108
Microwaves are electromagnetic radiations with wavelengths ranging from 1cm to lin, 
coiTCSponding to frequencies between 30 GHz to 300 MHz.'^ The microwave region of 
the electromagnetic spectrum (see Figure 1.2) includes some wavelengths in the 1-25 
cm range which have been extensively employed for RADAR and telecormnmiications. 
In order to avoid any disruption in these activities, the international convention
3
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allocated in the following frequencies for industrial, domestic and scientific microwave 
heating and drying: 915 ± 25 MHz, 2450 ± 13 MHz, 5800 ± 75 MHz, 2215 ± 125 
MHz.'^ The equipment operating at a frequency of 2450 MHz corresponding to a 
wavelength of 12.2 cm is most commonly used for heating applications.
1.2.2 Microwave Heating
Most organic reactions have been heated using conventional heat transfer equipment 
like oil baths, sand baths and heating jackets. The energy transfer in these tecluiiques is 
rather slow with a poor heat transfer primaiily achieved by conduction or by convection 
involving successive heat transmission tluough layers fr om the siuface to the centime. 
This may develop a temperature gradient within the sample giving a major 
inconvenience of local overheating and possible decomposition of the product, reagent 
and the substrate. The release of heat is instantaneous, so that thermal phenomena of 
conduction, convection and radiation play only a secondary role in temperature 
equilibrium.
1.2.3 Heating by Dielectric Polarisation
S, = Dipolar molecule
Figure 1.3 Dipolar rotation under the influence of electromagnetic radiation
Heating by microwave energy clearly differs from the classical way, and the dissipation 
of microwave energy into heat energy is mainly achieved by dipole rotation or ionic 
conduction (see Figure 1.3). A dipolar molecule when subjected to an electric field 
rotates to align itself with the incident field. At the molecular level, polarisation by 
dipole alignment occurs at these higher microwave fr'equencies and forms the basis of 
dielectric heating. Energy dissipation is observed when the molecule attempts to realign 
with any changes in the incident field and this continuous, reorientation provides an 
agitation in the molecule generating heat.
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Current /
Ixsin Ô
Electi’ic field, E
A B
Figure 1.4 (A) Phase displacement when energy is converted to heat. (B) The relationship 
between C  and e” .
The ability of a material to convert electromagnetic energy into heat energy at a given 
frequency and temperature is calculated using the equation of the loss angle tanô,
£’Ve’ = Tanô [Eqn. 1.2.1]
where 5 is the dissipation factor. Dielectric loss, e” , measures the efficiency with which 
heat is generated from electromagnetic radiation and the dielectiic constant, 
describes the ability of the molecule to be polarised. In the gaseous state the molecules 
are disposed far apart and their aligmnent with the applied field is therefore rapid. 
However, in liquids, due to presence of other molecules the ability to align with the 
applied field varies with the different fr equencies and with the viscosity of the liquid. 
Heating by interfacial polaiisation, also loiown as the Maxwell-Wagner effect, occurs 
when the conducting particles are in contact with a non-conducting medium, i.e. in 
heterogeneous conditions, and the dielectiic loss relates to the build up of charges 
between the interfaces. In general, compomids with high dielectric constants tend to 
heat readily while those with no net dipole moment and highly ordered crystalline 
materials are poorly absorbing.
1.2.4 Heating by Conduction Losses
B = Free ions
Figure 1.5 Energy dissipation by ionic conduction
Chapter 1
Under the second major influence of electric field, energy dissipation by ionic conduction 
occurs by the migiation of dissolved ions with the incident oscillating electric field (see 
Figure 1.5). A solution containing free ions in the sample will move tluough the solution 
imder the influence of the applied field. This will result in the dissipation o f energy due to 
an increased collision rate converting kinetic energy into heat energy. Heat generation is 
due to frictional losses, depending on the size, charge and the conductivity of the ions and 
their interaction with the solvent.
1.3 Microwave Effect
Microwave activation as a non-classical energy source has been growing as a propitious 
technology in organic chemistry. Many p u b lic a tio n sd e sc rib e  important accelerations 
over a wide range of organic reactions associated with large reductions in reaction times, 
enliancements in conversions and, sometimes, in selectivity, proving quite advantageous 
in the eco-friendly approach. Numerous reports, based on inaccurate comparisons with 
classical conditions, do not allow for making conclusions concerning the microwave 
effects and thus discussion on the nature of the effects of microwaves on organic 
reactions follows a significant level of controversy. That the acceleration of reactions 
by microwave irradiation resulting from material-wave interactions leads to both thennal 
effects and specific effects, possibly explains the microwave effect.
1.3.1 Thermal Effects
The interaction of electromagnetic field and dipolar molecules results in dipolar 
polarisation, giving rise to theimal effects (dielectric heating). These effects originate in 
the process of energy dissipation into heat due to the agitation and inteimoleculai* friction 
of molecules. Essentially, dipolar changes arise from changes in molecular orientations in 
response to the alterations of the incident electric field. Energy dissipation in the core of 
the materials arising from thermal effects gives a much more even distribirtion in 
temperature whereas under classical conditions, the temperature distribution and 
equilibration by conduction and convection is comparatively less regular. In cases of 
variety of mineral oxides or metallic species,possessing fr ee conduction electrons, the 
phenomena of charge space polarisation^"^ imder the influence of microwave frequency 
range (u = 2450 MHz), contributes to heating.
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1.3.2 Specific Effects
These mainly originate by (a) non-pmely thermal effects and (b) thennal effect involving 
the development oï^hot spots'".
The non-pmely thermal effect (not from dielectric heating) may be understood to have 
several origins. A rationale to these effects may be given by considering the AiThenius
k = ^ A  exp(-AG*/ RT).............. [Eqn. 1.3.1]
An increase in the pre-exponential factor 4^ is an indicative of the probability of 
molecular impacts. Typically, in a reaction, the collision efficiency of polar molecules 
can be effectively explained by their mutual orientation, depending on the vibration 
fr'equency of the atoms at the reaction interface. The influence of microwave field at the 
reaction interface provides a plausible explanation to this effect.
Considering the equation,
AG*= AH* - TAS*............ [Eqn. 1.3.2]
In a reaction controlled under microwave conditions; the magnitude o f the term -TAS* 
therein may be expected to increase being a more ordered system due to dipolar 
polarisation as compared to classical heating. As an event, decrease in the activation 
energy AG^, contributes to the observed non-pmely thermal effect. Sometimes, the 
development of localised microscopic high ternperatme points,^^'^^ hot spots, generated 
by dielectric relaxation on a molecular scale may be able to explain the origin of 
microwave activation.
1.3.3 Solvent Effects
In case of liquid substr ates or solvents, only polar' molecules absorb microwaves and non­
polar molecules are not influenced by microwave dielectric loss. In this context, higher 
boiling point values of solvents could be achieved when submitted to microwave 
inadiations as compared to conventional heating. The relaxation time (r) of molecules 
depends on temperature and tends to decrease as the temperature is increased. Both the 
dielectric constant (e’) and the dielectric loss factor (e” ) are dependent on t. In effect, the
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ability of a solvent to dissipate microwave energy into heat energy will be dependent also 
on the temperature apart from the incident microwave frequency. The heating rates of 
solvents with high relaxation times will increase during microwave dielectric heating 
most probably due to the limited formation of ‘boiling nuclei’, described as a 
Superheating effect and may result in the boiling points of the solvents to rise by up to 
26°C above their conventional values.'" '" This phenomenon is believed to be responsible 
for many rate accelerations involved in solution phase reactions under microwave 
conditions at atmospheric pressure.^^ Typically, under microwave irradiations, materials 
with high dielectric constants tend to heat readily while those with no net dipole moment 
and highly ordered crystalline materials absorb poorly. In context, polar solvents such as 
water, dichloromethane, acetone, ethyl acetate, methanol, dimethyl foimamide, dimethyl 
sulphoxide etc. are heated readily whereas non-polar solvents such as hexane, toluene, 
carbon tetrachloride etc. do not heat. Ionic liquids also account for dipolar aprotic 
solvents bearing excellent dielectric properties. These have low vapour pressure and can 
absorb microwave irradiation quite efficiently, besides, they dissolve much appreciably in 
a wide range of organic solvents. Hence they are also much suited to microwave assisted
organic synthesis. 34-35
1.4 The Apparatus
There are basically two main types of microwave apparatuses useful in the study of 
laboratory scale organic synthesis. These may be classified as 1) multimode reactors and 
2) monomode reactors.
1.4.1 Multimode Reactor
M A G N ETRO N
. . V ,
Figure 1.6 Multimode reactor (Domestic microwave oven) and heterogeneous microwave 
distribution in the multimode reactor cavity.
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Most of the introductory attempts to study laboratory scale organic synthesis under 
microwave conditions involved the use of the domestic microwave ovens which is a 
multimode reactor (see Figure 1.6). Clearly, these are not quite useful in chemistry as 
they present several drawbacks. The distribution of the electric field inside the cavity is 
heterogeneous, resulting from multiple reflections on the walls. The temperature cannot 
be measured accurately. In most cases, the power is not tuneable and the sample is 
subjected to maximum power levels for varying periods of time. Consequently, the 
reproducibility of the experiments is poor especially when dealing with small amounts of 
products. They are not compatible with corrosive and inflammable compounds and 
reaction conditions involving high pressure.
1.4.2 Monomode Reactor
Cap
with
Rubber
Septum \J
f Magnetron Wave Guide Cavity
Pyrex glass 
Reaction tubes
Figure 1.7 Reaction tubes and schematic for monomode reactor
1
Labwell AB Monomode reactor Smith Creator® (Personal chemistry)
Figure 1.8 Monomode reactors
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The diawbacks in using domestic ovens for laboratory scale organic synthesis led to the 
development of monomode reactor (see Figures 1.7 & 1.8). In this case, the 
electromagnetic radiations are focussed onto the sample cavity through an accuiately 
dimensioned wave-guide. This ensures a homogeneous distiibution of the electiic field. 
Also, there is a much more control on the power setting and a reproducible energy can be 
delivered. Some of these applicators are also equipped to measure temperature and 
pressure developing in the reaction mixture. Typically, reactions using these applicators 
are done in a Pyrex® glass tube (see Figure 1.4.2) with a screw cap equipped with a 
pressure release septum to allow removal of any excess pressure developed in the 
reaction tube during iiTadiation. Overall, monomode applicators are suitable in studying 
small sample volumes of synthetic chemistry.
1.5 Microwave assisted Organic Synthesis using Solvents or under Wet Conditions
Microwave technology has been very commonly exploited for domestic pmposes. 
However, the application of the rapid heating feature of microwaves is not limited to the 
kitchen and it has been recognised considerably in a variety of disciplines and for many 
other usefiil pmposes. These include sample preparation for analysis ,w aste  treatment,^ 
polymer technology,^ drug release/targeting, ceramics,^ ^  alkane and acid 
decomposition,^*^’ digestion teclmiques^“’^ ’^^® etc. Application of this teclinique to 
inorganic and solid state synthesis has also shown significant advantages. ^ ^  
Amongst many interesting applications of microwave teclmology, organic synthesis is 
an area which has developed rapidly. Several recent reviews^^ have illustrated the 
advances with many different organic reactions and tiansfbimations accomplished under 
microwave conditions. This section attempts to give a brief oveiwiew of some very 
important reaction schemes achieved under microwave conditions.
1.5.1 Pericyclic Reactions
The very first highlights of microwave assisted organic synthesis appeared in two 
important contributions from Gedye, Smith and Westaway^^“ and Giguere, Majetich and 
co-workers^^*  ^ The potential of microwaves for accelerating organic reactions was 
illustrated by dramatic reduction in reaction times in Diel-Alders, Claisen and ene 
reactions (see Schemes 1-2).
10
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MeO,C
21
SCHEM E 1
Reagents and conditions: i) neat, dimethyl fumarate, p-xylene; ii) MW, 10 minutes.
)Me QMe
j ^  ^OH
SCHEME 2
Reagents and conditions: i) neat, NMF; ii) MW, 90 seconds.
1.5.2 Cycloadditions
Microwaves have found application in stereoselective cycloaddition approaches to the 
synthesis of the taxoid skeleton by intramolecular Diels-Alder reaction in 30-40% yield^^  ^
(see Scheme 3).
MOMO’ MOMO H
SCHEM E 3
Reagents and conditions: i) PhMe; ii) MW.
Ar
—N
Ar
R — Me
SCHEME 4
Reagents and conditions: i) neat, MW.
Chapter 1
Examples for microwave induced 1,3-dipolar cycloaddition using nitrones showing 70- 
80% yield of the cycloaddition product have been reported^^^ (see Scheme 4).
1.5.3 Cyclisation Reactions
The application of microwave technology has been demonstrated to [3,3]-sigmatropic 
reaiTangement involved in Fischer cyclisations.^®'  ^(see Scheme 5)
' NH
Ph 
-
SCHEM E 5
Reagents and conditions: i) H ,^ MW.
Microwaves have also been used to improve some other types of cyclisation reactions 
like Hantsch-1,4-dihydropyridine synthesis^(see  Scheme 6) which provided reduced 
reaction times and improved yields.
MeO,C„
Me' MeH
12
13
SCHEME 6
Reagents and conditions: i) CH3C0CH2C02Me; NH4OH/ EtOH; ii) MW
HN
SCHEME 7
Reagents and conditions: i) CO(NH2)2; NaOEt; EtOH; ii) MW.
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Ph
g
Y  OBn + /
Br Ph
-NH. r ï - CO.Bn-N,
16 17
V - P h
Ph
18
SCHEM E 8
Reagents and conditions: i) CH3CN, MW, 15 minutes.
Scheme 7 describes a cyclisation reaction to synthesise barbituric acid in high yields 
under microwave conditions.M icrow ave assisted cyclisation has been achieved with 
dramatic reduction in reaction times and improvement in yields as compared to the 
conventional reflux conditions.^^® (see Scheme 8).
O
RNHj +
19
R = CgHg,CgH;(CH,)2
20 O
SCHEME 9
i r \YR
21
Reagents and conditions: i) MW.
PyiToles have also been synthesised in 75-90% yields under microwave inadiation using 
amines and 1, 4-dicarbonyl compoimds^^^ (see Scheme 9).
1.5.4 Aromatic and Nucleophilic Substitution Reactions
Microwave assisted Friedel-Crafts geimylation of benzene and toluene with enhanced 
reaction yields have been reported^^^ (see Scheme 10).
H GeCL
+ GeCl^  
23
22 24
SCHEM E 10
Reagents and conditions: i) AICI3; MW.
13
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Under microwave conditions, aromatic nucleophilic substitution of aniline using 2,4- 
diniti'ochlorobenzene using tetraethylene glycol as solvent has been achieved in up to 
85% yields/^''
+
NO,225 , 27
26
SCHEME 11
Reagents and conditions: i) tetraethylene glycol, MW.
Another example of aromatic nucleophilic substitution reports l,3,5-tiichloro-2,4,6- 
triazine substitution using sodiimi phenoxides under microwave conditions in 85-90% 
yields.^^^ (see Scheme 12)
Z1 QAr
Ar— O- Na+ + ^  N ---------\ ^  N ^  N
28 CU 'N" "Cl ArO IsT^^OAr
29 30
SCHEM E 12
Reagents and conditions: i) MW
Some interesting halogénations of carbohydrates have also been reported using 
microwave conditions showing 25-95% yields^ *^^  (see Scheme 13 and 14).
OH
iiO OMe 
31
R' and R" = H, Bn ^2 = ^1, Br, OH
SCHEM E 13
Reagents and conditions: i) PPhs; KCl or KBr; CCI4 or (CCl2Br)2; ii) MW
O OMe
32
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R'
,0  OMe
Bn Bn
33
X
,0  OMe
34
R' and R" = H, Bn X, and X  ^= Cl, Br, OR' or OR"
SCHEME 14
Reagents and conditions: i) PPha; KCl or KBr; CCI4 or (CClsBr);; ii) MW
1.5.5 Condensations
Microwave conditions have shown appreciably high yields in different types of 
condensation reactions including the Knoevenagel and Aldol reactions'*^ (see Scheme 15- 
17).
R"^ NO, +
35 R'
CHO
36
NO,
R' = H, 4-OH, 1-Napthyl 
R" = H
SCHEM E 15
Reagents and conditions: i) NH4OAC; ii) MW
RCHOHO,C‘
SCHEM E 16
Reagents and conditions: i) NH4OAC; ii) MW
C O B
SCHEME 17
Reagents and conditions: i) KO Ac, MW.
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Some interesting illustration on microwave assisted Wittig oleflnations have also been 
reported with high yields, (see Scheme and )
I
CN
44 45
SCHEM E 18
Reagents and conditions: i) Ph3P=CHCN, PhMe; ii) MW
46
EtO,C,
47
SCHEME 19
Reagents and conditions: i) Ph2P=CHC0 2 Et; ii) MW.
1.5.6 Alkylations
C-Alkylation reaction of Michael type additions have been reported under microwave
conditions with quantitative yields"^ ^^  (see Scheme 20). 
°  .  1 % .  'R,^ ^  "R" R"
48
O
R'" R' O
49
ii
R' = Me, Ph 
R" -  Me, OEt 
R'" = Me 
R"" = H
O^^R....
50
SCHEME 20
Reagents and conditions: i) EUCI3.6H2O; ii) MW.
Michael type N-alkylations have also been quite favourably achieved under microwave
conditions with almost quantitative yields in many cases'* ’^’ (see Scheme 21)
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O
R' R"
51
pnn pinV
52
R"' R’ O
N R"
R'-R"' = Me,R"" = H 
SCHEME 21 
Reagents and conditions: i) HgO; ii) MW.
'R'"
53
Examples on microwave assisted 0-alkylatioii like é th é r if ic a t io n ,(see Scheme 22) 
Williamson’s reactioif^^(see Scheme 23) have been reported.
1
R OH 
54 11
R = Ph
R O 
55
'R
SCHEM E 22
Reagents and conditions: i) RCHgBr; ii) MW.
OH OMe
56 57
SCHEME 23
Reagents and conditions: i) MeS0 4 , NaOH, tetraethylene glycol; ii) MW.
Reports also describe microwave assisted thio-alkylation with very high yields'^ '^^  (see 
Scheme 24).
SCHEM E 24
Reagents and conditions: i) BnBr, NaH, DMF; ii) MW.
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1.5.7 Acylations
Synthesis of phthalimides by N-acylation imder microwave conditions has been reported 
in almost quantitative yields'*  ^(see Scheme 25).
CO^H Cl 
«°
SCHEME 25
Reagents and conditions: i) DMF, NMM; ii) MW.
CO,H
1.5.8 Alkene Functionalisatiou
The utility of microwave irradiation has been demonstrated' '^^ to achieve the Baylis- 
Hilman reaction. This synthetically usefrrl reactiorr, rather slow corrveritionally could be 
accelerated under microwave conditions. Typically, the reaction could be achieved in 10 
mirriites under microwave conditions as opposed to 1 0  days at room temperature (see 
Scheme 26).
o HO'
64
ii
63
SCHEM E 26
Reagents and conditions: i) CH3CH=CHC02Me, DABCO; ii) MW  
1.5.9 Estérification and ^rflMs-esterification
Microwave irradiations have also been exploited in achieving estérification and 
transestérification reactions. Transestérification of sugars have been studied and 
microwave conditions have favoured mixtures of monoesters and diesters'^^ (see Scheme
27).
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~ H 0 ^  ii
OMe OMe
«5 R .ph  “
SCHEME 27
Reagents and conditions: i) PhCO^Me, K2CO3, TEA, DMF; ii) MW
1.6.0 Rearrangement and Isomérisations
Scheme 28 illustrates the application of microwave h*radiation in reaiTangement of 
benzodiazepine-diones/'^^ Isomérisation of safrole and eugenol has been reported in 
almost quantitative yields under microwave conditions'^''^ (Scheme 29).
Cl
68
SCHEME 28
Reagents and conditions: i) POCh-pyiidine; ii) MW
69 70
SCHEM E 29
Reagents and conditions: i) KOH, ROH; ii) MW.
1.6.1 Organometallic Reactions
Reports describe organometallic reactions achieved under microwave conditions. Stille 
coupling has been studied in presence of PdCl2(PPh3)2 catalyst with 49-96% yields.'*^  ^
(see Scheme 30). Another example reports Heck vinylation accelerated by microwave 
irradiation'^^*' (see Scheme 31).
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71
72
R'-R" = H, R'" =  OMe, R"" = H 
X - 1, Br
SCHEME 30
Reagents and conditions: i) PdCl2(PPh3)2, LiCl, DMF; ii) MW
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73
HO
74 R'" X 75
X = OTf, Br
R.. R.
76
SCHEME 31
Reagents and conditions: i) Pd (OAc)2, EtsN; ii) dppp, TIOAc, DM SO, MW.
1.6.2 Oxidations
Microwave accelerated oxidations have also been reported. Oxidations of primary and 
secondary alcohols have been docimiented with high yields'*^’ (see Scheme 32, 33).
R' OH
R"
77
R"
78
R ^ 9^ i 9> ^ 15^31
R " -H
SCHEME 32
Reagents and conditions: i) PCC, DCM; ii) MW.
OH
79
SCHEME 33
Reagents and conditions: i) M11O2, diethyl ether; ii) MW
80
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1.6.3 Reductions
Microwave assisted reductions have also been studied to a considerable extent. Studies 
have demonstrated a rapid transfer hydrogenation^^^ in an unmodified oven in essentially 
quantitative yields (see Scheme 34). In another example, selective hydiogenolysis of O- 
benzyl groups in jS-lactams and reduction of unsaturated ester groups have been reported 
(see Scheme 35).
BnO, .Ph,PhBnO,
I81
SCHEME 34
Reagents and conditions: i) HCO2NH4, Raney nickel, ethylene glycol; ii) MW.
BnO,
Ar
83
•CO,Me
HO
Ar
84
SCHEME 35
Reagents and conditions: i) HCO2NH4, 10% Pd/C, ethylene glycol; ii) MW.
Reports also describe the microwave assisted reduction of ce-substituted cinnamic acid 
using difonnic salt of TMEDA in presence of Wilkinson’s catalyst (see Scheme 36).'*^ '^
Ph 'OH  Ph'' ' V  OH
R " RR --- Me, Ph
85
SCHEME 36
Reagents and conditions: i) difonnic acid salt o f  TMEDA, W ilkinson’s catalyst, DMSO; ii) MW.
Microwave irradiation has been reported to favoui* Leuckart reductive amination^^ and 
also in imine reduction (see Scheme 37, 38).
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R"" 'R"
O
HN H
87 11 R"" R"
R',R" = CgH ,^ 4-MeOCgH^ 88
SCHEM E 37
Reagents and conditions: i) HCONH2, HCO2H; ii) MW
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CO.MeO^ Me
SCHEME 38
Reagents and conditions: i) 10% Pd/C, HCO2NH4; ii) MW.
1.6.4 Miscellaneous
Microwave iiTadiations have demonstrated other interesting applications like 
decarboxylation/^^ (see Scheme 39) multicomponent reactions (see Scheme 40).^^^
OH o
91 92
SCHEME 39
Reagents and conditions: i) MW.
•  .  A.
94
R
HN.
R'
95 96R, R' = Et, Me, CgH,Q 
SCHEM E 40
Reagents and conditions: i) MW.
Reports describe microwave assisted formation of azo compounds.^^^ (see Scheme 41) 
The Willgerodt-Kindler reaction for synthesis of thioamides has been demonstrated under 
microwave conditions'^’’ (see Scheme 42).
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ArNO, -------------------------------------- Ar-N-N-Ar ^ ii
97 98
SCHEME 41
Reagents and conditions: i) Bi-KOH, MeOH; ii) MW.
V J99
100
SCHEME 42
Reagents and conditions: i) Sg, m oipholine ; ii) MW.
1.7 Organic Synthesis under Dry or Solvent Free Conditions
There have also been notable developments in microwave assisted organic synthesis 
involving solvent-less procedures'^’ and also with processes involving the use of 
supported reagents or catalysts which are of mineral or polymer origin.^^^’^ ’^ ’^  At times in 
a chemical synthesis, recovery of the organic solvent during product piuification may 
involve loss of products; however, avoiding the use of organic solvents promises cleaner 
chemistry, simple work-up procedures and more significantly reduces unnecessary waste 
of reagents. Use of reagents and catalysts immobilised on solid supports not only 
simplifies purification processes but also prevents release of reaction residues into the 
environment. A brief oveiwiew of the very important contributions and developments in 
solvent fi.*ee procedures and use of polymer and inorganic solid supported reagents under 
microwave conditions follows.
1.7.1 Protection and Deprotection
Under solvent fiee conditions, microwave iiTadiations have found significant utility in 
achieving protection/deprotection procedures. Aldehydes and ketones have been 
protected as acetals and dioxolanes using orthofomiates, 1 ,2 -ethanediol or 2 ,2 -dimethyl- 
1,3-dioxolane in presence of ^ -toluene sulphonic acid or KSF clay (see Scheme 43).^ ^^ ^
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O
+  r"
RV R"
OH .
R"^ ''R" I -------- : -------------------    PII ------ '
101 OH
102R. =H, R" -Ph
SCHEME 43
Reagents and conditions: i) PTSA; ii) MW.
Selective deprotectioii/cleavage of N-tei*t-butoxycarbonyl group (Nboc) can be achieved 
readily in presence of a Lewis acid as aluininiimi chloride ‘doped’ almnina on microwave 
irradiation (see Scheme 44).^ "*^
? ’ i R'\------------------  NH
O
104 R' = H,R" = Fh
SCHEME 44
Reagents and conditions: i) AICI3/AI2O3; ii) MW
1.7.2 Diels-Alder Cycloaddition
The Diels-alder cycloaddition reactions has been extended, under solvent free conditions, 
to poorly reactive dienophiles and considerably good yields of desired products have 
been isolated under microwave conditions (see Scheme 45).^^“
J /  +  Ph-C=C-CO,Et I
YPh
106
107
Ph
108
SCHEME 45
Reagents and conditions: i) MW,
Microwave assisted 1, 3-dipolar activity of hydiazonyl chlorides and oxime chlorides 
over alumina with different alkenes and alkynes has been reported (see Scheme 46).^^^
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Cl
A r N 
109
^OH + -CO^Me
110
COjMe
111
R = Ph; Ar = Ph, p-ClCgH^
SCHEME 46
Reagents and conditions: i) AI2O3, MW.
1.7.3 Nucleophilic and Aromatic Substitutions
Reports^^“ describe microwave assisted aromatic nucleopliilic substitutions over an 
alumina support (see Scheme 47).
R' O
+
HO
O HO
113 114R'-R"" = H, Me
SCHEME 47
Reagents and conditions: i) MW.
Microwave assisted aiomatic halogénations of quinones over almnina have also been 
reported^^^ (see Scheme 48).
R',R" =H , Me0R'
115
SCHEME 48
Reagents and conditions: i) B12, AI2O3; ii) MW.
1.7.4 Alkylations and Acylations
R' O
116
Michael type C-alkylations mider microwave conditions over alumina have been
reported^^^ (see Scheme 49). Reports also describe Michael type N-alkylatioif" and O-
25
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glycosidation^^'^ in the presence of alumina (see Scheme 50 and 51). Thio-alkylation^^^ 
has also been achieved in solvent free conditions imder microwave conditions (see 
Scheme 52). Microwave assisted N-acylation^^® has been reported to favour in presence 
of silica (see Scheme 53).
o O
+ MeNO,Ph ^  Ph 2 Ph-" —  ^ P h
117 118 119
SCHEM E 49
Reagents and conditions: i) AI2O3, MW.
OH
120 \ ^ C N
122
SCHEM E 50
Reagents and conditions: i) AI2O3, MW.
? «  i ^ < ° Q  “H0 -"
HO'
123 124 R = H,R" = Me
SCHEM E 51
Reagents and conditions: i) glycosidase, AI2O3; ii) MW.
_  nnt i bf-N
,OEt
o
127 128
SCHEM E 52
Reagents and conditions: i) K2CO3; ii) MW.
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+ Cl  f
R"
ii C130 ^
T TR' R' = p-NO^CgH,, MeOC.H, R'
129 R" = p-NO,CgH, 131
SCHEME 53
Reagents and conditions: i) S1O2; ii) MW.
1.7.5 Condensations
Knoevenagel condensation has been achieved using alumina supported KF imder
microv^ave conditions^^^ (see Scheme 54).
O
Ar,
+ II I / = o
N H
Ai- H "
134132 133
SCHEME 54
Reagents and conditions: i) ICF-AI2O3; ii) MW.
Microwave irradiation has also been utilised to achieve Horner olefînation using CsF 
supported on alumina.'"'^ (see Scheme 55)
EtO OEt
135
SCHEME 55
Reagents and conditions: i) CS2O3, CSF-AI2O3; ii) MW.
1.7.6 Rearrangements
Reports describe Beckmaim reaiTangement^^^ (see Scheme 56) in the presence of KIO 
Clay under microwave conditions. The Fries rearrangement^^’’ (see Scheme 57) has also 
been achieved using AlCl3-ZnCl2 over silica.
137
27
Chapter 1
^OH
1  _ ! ______ ^
R"" 'R" ii
138
R - Me, Ph, Cycloalltyl
SCHEME 56 
Reagents and conditions: i) KIO Clay; ii) MW.
H
139
R"= Ar, Cycloallcyl
140
R = Me, OMe, 1-Naphthyl
SCHEME 57
Reagents and conditions: i) AICI3-ZÎ1CI2, S i0 2 | ii) MW. 
1.7.7 Oxidations
141
Microwave assisted oxidation of arenes using potassium pemianganate in presence of 
almnina has been reported^®  ^ (see Scheme 58). Use of sodimn periodate in presence of 
silica favom's oxidation of sulfides^^*  ^ (see Scheme 59). In presence of bentonite, 
microwaves assist the oxidation of allylic methyl groups in presence of SeOz catalyst in
up to 85% yields.*^ ^^  (see Scheme 60).
142
SCHEME 58
Reagents and conditions: i) KM11O4, AI2O3; ii) MW.
145
R"^ll R" O
146
R,  ^ -R„
144
R' = PI1CH2, R" = Ph 
SCHEME 59
Reagents and conditions: i) 1.7 equiv. NalO^, MW; ii) 3 equiv. NaI0 4 , MW.
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R = (CH2)20H, (CH2)20Ac 
SCHEME 60
Reagents and conditions: i) Se02, Bu*02H, S1O2; ii) MW.
1.7.8 Reductions
Microwave assisted reduction of aldehydes and ketones using almnina supported sodium 
borohydride have been reported*^(see Scheme 61). Reductive amination has also been 
achieved imder microwave condition using sodium borohydride supported on KIO clay^’^  
(see Scheme 62).
149 150
R = H, R' = Me 
SCHEME 61
Reagents and conditions: i) NaBH^-AhOs; ii) MW.
O
r, A , „  + h,N - r»
151 152
HN
R’^  R" 
153
R' = Ph,R" = H,R'" = H 
SCHEME 62
Reagents and conditions: i) KIO clay, NaBH4-K10 clay; ii) MW.
1.7.9 Miscellaneous
Microwave irradiations have favoured multicomponent synthesis of pyrrole in presence 
of silica^^“ (see Scheme 63). Microwave assisted synthesis o f nitiiles from aldehydes 
using sulphuric acid in presence of silica has been^ reported^^’’ (see Scheme 64). 
Thiocai'bonyls have been converted to cai'bonyls in presence of clay under microwave 
conditions with high yields^^^ (see Scheme 65).
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R"'
R"
tro
.R'" + R""— NH.
154
155
NO.
156
SCHEME 63
Reagents and conditions: i) SiOz; ii) MW.
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II
R' = Ph 
R" = H
R"' = H, Me, Ph 
R"" = PhCH.
R'v -R"
R"
R""
157
„ xR'^ H 
158
R'— = N  
159il
R' = Ph 
SCHEME 64
Reagents and conditions: i) NH2OH.HCI, NaHS04.Si02; ii) MW.
, A „ „R" R'
160
SCHEME 65
Reagents and conditions: i) FeNOs or NH4NO3, clay; ii) MW
Q
, A „ „R"" R" 
161
1.8.0 Microwave assisted Organic Synthesis using Polymer Supported Reagents
The glowing demand for diverse libraries of compounds in dmg discovery and medicinal 
chemistiy has significantly attracted microwave inadiation teclinique. The application of 
microwave heating and combinatorial chemistry serves as a convenient tool for a rapid 
paiallel synthesis of combinatorial libraries. In context, the application of polymer 
assisted solution phase synthesis utilising reagents and catalysts immobilised on polymer 
backbone has gi'own to be very advantageous. The pioneering application of the 
Menifield^^^ polymer support is responsible for the fast growing interest and 
development in insoluble matrices in organic synthesis. Polymer-supported reagents, 
catalysts^^^ and scavengers^^^ have found significant utility in high-speed microwave 
assisted organic synthesis. The use of polymer supported reagents is particularly 
advantageous because often these reagents could be used in excess to drive the reaction to 
completion and in the purification stage, can be easily removed by filtration. Some recent 
applications follow.
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A  polymer supported Lawesson type thionating agent serves for a rapid conversion of 
amides to thioamides under microwave conditions'^® (see Scheme 6 6 ). A noticeable 
reduction in the reaction times has been observed and a range of secondary and tertiary 
amides have been converted to conesponding thioamides in high yields and pmity.
S ^ ^ /O E t
U MW 200C, 15 min J
R '^ N R 'R " —        R NR'R"Toluene, Ionic Liq.
162 163R = Ph, Ph(CH2)2
R' - R" =  Me 
SCHEME 66
Reports describe an interesting one-pot tlnee component Wittig reaction^^^ achieved 
under microwave conditions using polymer supported triphenyl phosphine The desired 
olefins have been prepared in a few minutes (see Scheme 67).
O
_ / - X  / h
# —
MW.15QC.5minA  +R '^  H M eOH,K,CO
164 165 166
R' = Ph, Et 
R" = COoMe
SCHEME 67
167 168 169 SO3H
-NMcg OH
NH
170
R = Me,R' = OEt,R"=Ph 
SCHEME 68
Polymer supported reagents have been interestingly utilised as catalysts and scavengers 
in achieving a clean and efficient organic synthesis. An example of a parallel synthesis of 
dihydropyiimidones tlirough a Bignelli reaction^^® (see Scheme 6 8 ) describes a polymer 
bound lanthanide (III) (Yb(III)-resin) to catalyse the solution phase condensation. Finally,
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during the purification stage, a strongly basic quartemaiy ammonium fimctionalised resin 
and a sulphonic acid fimctionalised resin used sei*ve to scavenge excess urea and by­
products derived from side condensations.
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2.0 O I! time
There is a vast anay of synthetic methods and reagents available to synthetic organic 
chemists. New and unfamiliar methods continue to be developed, hi synthetic organic 
chemistry, out of the numerous organic reactions, hydrogenation is one of the most useful 
and wide-scoped reaction.
2.1 Hydrogénation
Laboratory scale catalytic hydi'ogenation^'^ plays an important role in the area of chemical 
research and the synthesis of organic intennediates. In most research laboratories 
hydrogenation, reduction or hydiogenolysis is commonly achieved in a commercially 
available apparatus using pure hydrogen gas. Many fimctional groups can be readily 
reduced and quite often in high chemo-, regio- and stereoselectivity. However, use of this 
method of hydrogenation has a few disadvantages.
❖ Hydrogenation using pure hydiogen gas could only be achieved in specifically 
designed apparatus or hydrogenators and hydrogen is dispensed from cylinders fitted 
with appropriate valve system.
❖ Air and hydrogen mixture in the hydrogenators aie a serious hazard if  flames or 
sparks are produced nearby. Therefore, air in the hydiogenator has to be completely 
removed either by lowering the pressure in the system and refilling with hydrogen or 
flushing the system for several minutes with hydrogen gas. In doing so, a large 
volume of hydrogen is wasted.
❖ Hydrogen gas has low solubility in organic solvents and therefore most 
hydrogenation processes have to be perfomied under high pressmes (40 psi to 1000 
psi or more).
2.2 Catalytic Transfer Hydrogenation (CTH)
A potentially desirable alternative to the use of gaseous hydrogen is catalytic transfer 
hydrogenation (CTH), has been used in overcoming the limitations of using hydrogen gas 
where mostly the transformations can be achieved under milder conditions, hi this case, 
simple organic/inorganic molecules, such as cyclohexane,*^^ cyclohexadiene,^^ formic 
acid,^^ ammonium formate,hydrazine*^^ and phosphinic acid^ ® are used as in situ sources 
of hydrogen in presence of metal catalysts such as, palladium on carbon, Raney nickel,
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Platinum. Hydrogen transfer occurs between a donor compomid (D), and an acceptor 
compound (A) (see Scheme 69). As a result, the unsaturated groups in A may be reduced 
and/or susceptible bonds may be cleaved by hydrogenolysis.
CatalystHyD + A ------------- ^  AHy + D
SCHEME 69
Studies^* reveal that foimate salts serve as better hydrogen donors than foimic acid. 
Ammonium formate has been the most convenient and efficient hydrogen source in 
studying catalytic transfer hydrogenation.^^ The utility of ammonium foimate as an in situ 
hydrogen donor has also been reported in diverse tiansfbimations.^^ hiterestingly, 
catalytic transfer hydrogenation has been conducted rapidly and in almost quantitative 
yields inside an unmodified microwave oven."^  ^ Reduction and hydrogenolysis has been 
achieved using aimiionium foimate as the hydrogen donor in presence of Pd/C (10%) 
catalyst under microwave conditions (see Schemes 34 and 35, Chapter 1). hi general, 
ammonium foimate in presence of suitable catalysts has been applied to reduce a variety 
of important functional groups and has the advantage of being stable, readily available and 
relatively inexpensive. And its use is ideally advocated in several catalytic transfer 
hydrogenations, however, this does not account for many of its disadvantages
❖ Although efficient, the use of ammonium foimate does not deter a major potential 
hazard of its sublimation at higher temperatures, resulting in blocking of the reaction 
apparatus.
❖ Ammonium foimate most imdesirably dissociates at high temperatures.
heatHCO^-NH/ ----------------- HCO^H + NH3
❖ It is also responsible for undue development of high pressures in the reaction systems.
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2,3 Aims and Objectives
This project broadly studies the application of microwaves for achieving organic 
reactions. In paiticular it seeks to introduce methods for experimental simplicity and 
improving the efficiency of the organic transformation. The aims and objectives in this 
project can be highlighted as under.
> Development of novel transfer hydrogenation sources
In view of the limitations of using the conventional hydiogen donors, this project aims to 
develop novel hydrogen donors serving as transfer hydrogenation sources which are able 
to overcome the problems of sublimation, ammonia release and excess pressure.
> Study of model reactions
The development of novel hydrogen donors will be based on model studies. Initially 
model reactions will be studied on simple systems which will investigate the scope and 
feasibility of developing novel hydrogen donors and provide a suggestive pathway.
> Novel transfer hydrogenation sources as supported reagents
The development of novel hydrogen donors will be investigated on different solid 
matrices or supports. The main solid supports of interest are (a) Insoluble cross-linked 
polystyi'ene polymers; (b) soluble polyethylene glycol (PEG); (c) inorganic solid like 
almnina (basic).
> Organic synthesis using polymer and inorganic solid supported reagents under 
microwave conditions and thermal comparisons
The polymer supported reagents will be employed in transfer hydrogenations using 
suitable catalysts like Wilkinson’s catalyst (RliCl(PPh3)3). The potential of these novel 
polymer supported reagents as hydrogen donors will be investigated. More importantly, 
microwave assisted transfer hydiogenation involving reduction of electron-deficient 
alkenes, A-debenzylation will be studied using polymer supported reagents. The reactions 
will be studied while optimising the microwave energy for most favourable reaction 
conditions and reaction yields. Themial compaiisons will be done to evaluate the effect of 
microwaves on organic transfoimations.
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> Synthesis of formamides using supported reagents under microwave conditions.
The applications of the novel polymer and inorganic solid supported reagents will be 
investigated in the synthesis of fonnamides. Under microwave conditions, the supported 
reagents will be studied as fomiylating agents for primary and secondary amines. Thermal 
comparisons will be done to study the influence of microwaves on N-formylation 
reactions.
> Microwave assisted reduction of ketones using polymer supported formates
The polymer supported formate will be investigated as a transfer hydrogenation source for 
studying reduction of carbonyl function in ketones. Reductions will be studied under 
microwave conditions in the presence of homogeneous ruthenium catalysts.
> Thermal and microwave assisted oxidation using clay supported Pd catalysts
The study will involve the immobilisation of a Pd Catalyst on hydrotalcite clays. Such 
insoluble catalysts will be investigated for applications in oxidation reactions, hr 
particular, thermal and microwave assisted oxidation of alcohols will be investigated.
> Thermal and microwave assisted cycloaddition of nitrones and metal coordinated 
cinnamonitrile
The study involves development of novel cimiarnonitrile complexes coordinated with 
Pt(II) and Pd(II) metal centres. Microwave assisted [2+3] cycloadditions reactions of 
nitrones and these complexes will be studied. The investigations on selectivity of 
cycloaddition reactions of metal bound cinnamonitrile complexes and rritrones under 
microwave conditions will be of particular interest. Thermal comparisons of cycloaddition 
reactions will be done using free and metal coordinated cirmamonitrile and nitrones to 
study the influence of microwaves on such reactions.
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3.0 Introduction to Supported Reagent Chemistry
The area of supported reagent chemistry developed as early as 1924 '^  ^reporting the use of 
chemical reagents on porous earners to achieve some “highly selective and mild chemical 
operations.” Begimiing with the pioneering work by Menifield,*^^®’^  ^ polymer supports 
have also become a subject of increasing interest as insoluble matrices in organic 
synthesis. With growing need for preparing compoimd libraries in phaimaceutical and 
agrochemical research laboratories, the industry seeks for improved automation of 
synthetic processes. The development of new synthetic methods using polymeric supports 
is regar ded as a key for successfully generating this lib ra r ie s .h i view of these changes, 
the utilisation of polymer supported reagents^^^'^^^and catalysts^^^ have been developing.
3.1 Types of Supported Reagents
Supported reagents have conveniently been classified based on the use of
(A) Organic Supports &
(B) hiorganic Supports.
3.1.1 Polymer (Organic) Supports
= - { "  CH-CH^- CH-CHj- CH-CHj- CH-CHj-jn-
# -
CH-CH,-
SO3H
Base Strongly basic ion-exchange resinPolymer
Strongly acidic ion-exchange resin
Figure 3.1 Polymer supports and functionalised reactive sites
Organic Supports are invariably polymeric and generally are fimctionalised 
polystyi'ene/divinyl benzene copolymers. Polymeric supports ranging from simple ion- 
exchange resins to elegantly designed ones incorporating a linker which joins the base
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polymer to a fimctionalised reactive site are used (see Figure 3.1). Chemical 
functionalities are attached to the polymeric supports by either physical adsorption or by 
chemical bonding. Chemical attaclnnent is usually achieved by covalent bonding. The 
highly attractive ion-exchange resins, widely employed in automation are prepared by the 
fomier method of attachment. Cross linked poly (styiene-co-divinylbenzene) resins (1% 
to 2% cross-linking) are widely used as fimctionalised polymers because they are stable, 
possess' high loading capacity (>lmmol/g) and have good swelling characteristics to 
promote reaction support preparation. In addition, they are compatible with a variety of 
non-protic solvents. Typically, most of the fimctional groups on the polymer supported 
system are within a polymer bead of diameter of about 100 pm. Most of the reactants in 
the solution enter the beads and react in the gel phase. It is also noted that the swelling 
properties in the polymeric bead reduces markedly as the percentage of cross linking 
increases from 1 % to 2% or more. Therefore, the choice of reaction solvent is cmcial in 
such polymer-supported reactions. Often obseiwed is the size selectivity displayed by the 
polymer supported reactant. The diffusion of the soluble substrate into the polymeric bead 
is rate determining and at times selectivity^^ arises because a more bulky group diffiises 
more slowly into the reactive sites. The accessibility of reactive sites in the polymeric 
supports can be improved by using macroporous or macroreticular polym ers.Typically, 
such macroreticular beads have a rigid porous structure and noimally they do not swell in 
most organic solvents. For example, the commercially available macroporous polymer 
supports like certain anion exchange resins (Figure 3.1) are ideally suited for making 
anions available for reactions in non-aqueous solvents.^^^
The use of polymer supported immobilised reagents and catalysts has various advantages 
over conventional solution-phase chemistry.
• Supported species can be easily separated fiom the reaction mixtures, by filtr ation and 
washing.
• By using excess of reagents, the reaction could be forced to completion without 
having to face the work-up problems.
• The supported reagent or catalyst can often be readily regenerated and reused in 
fiu'ther reactions.
• The supported species can be easily adapted to continuous flow processes and hence 
they stand wider possibility of use in automated synthesis.
• The use of supported species as compared to the low molecular weight unsupported 
analogues greatly reduces the toxicity and odour in the chemical operation.
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• Supported species also introduce chemical differences such as prolonged activity or 
altered selectivity in supported form compared to its soluble analogue.
Nevertheless, functionalised polymers also associate a few drawbacks with their use, 
particularly in comparison with their soluble analogues.
• Many of these polymer supports aie relatively expensive.
• The polymeric supports often display pronounced size selectivity and therefore results 
in limited diffusion of the soluble substrate into the polymeric beads.
• There is a difficulty in structural analysis of the supported reagents.
• The polymer bound impurities often found in the supported species cannot be 
separated.
3.1.2 Inorganic Supports
Inorganic Supports  for developing supported reagents are nimierous and include silica,^^^ 
alumina,^ '^^ zeolites,^^^ celite,^^® carbon,^^^ montmorillonite,^^^ acid treated clay^ ^® and 
aluniino silicates.^^ '^ There is specific emphasis in supported reagents obtained by 
deliberate introduction of a reagent into or onto an inert, generally porous, inorganic 
support in liquid phase organic reactions, hi laboratory and manufacturing scale synthesis, 
reagents immobilised on porous solids are utilised in heterogeneous organic reactions and 
offer numerous potential advantages.
• The inorganic solid supports offer good dispersion of active (reagent) sites leading to a 
significant improvement in reactivity.
• The characteristics of surface adsoiption can lead to useftd improvements in reaction 
selectivity.
• Most inorganic solid supports have good thermal and mechanical stabilities.
However, use of such inorganic solid supported reagents also does involve some 
disadvantages.
• Often observed in the use of supported reagents is that organic molecules get trapped 
in the pores of the support.
• There is a difficulty in ensuring a good mixing of a solid-liquid or solid-liquid-gas 
mixture.
• Solid supports, specifically of the microporous type, are not suitable for chemistry 
involving large molecules.
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There are a few important factors involved in detemiining the best support for a particular 
application. These include-
(a) Surface Ar ea.
(b) Pore Size.
(c) Acidity-Basicity.
Generally, the larger the surface area of the support, the better suited for applications as a 
support. Surface areas for cormrion supports range from ca. 100 m^ g'  ^ for some aluminas 
and crude clays to close to 1 ,0 0 0  m^ g'  ^for some activated carbons.
The average pore diameter, pore size distribution, total porosity and permeability are all 
relevant to optimise the diffusion control of the reaction, hi cases, of microporous zeolites, 
the pore structures are regular* whereas smfaces like silica, aluminas have a wide range of 
pores.
The application of suppoi*ts in catalysis interestingly deals with the importance of acidity 
and basicity. Montmorillonites in the acid treated forms (KIO, KSF, etc.),^ ®® Zeolites with 
exchangeable versions have been broadly studied.^^^
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3.2 Development of Novel Supported Reagents as Hydrogen Donors
One of the major interests in this project is the development of novel supported reagents 
for applications in transfer hydrogenation. The supported reagents would be used as 
hydrogen donors and are envisaged to overcome the limitations of using conventional 
hydrogen donors.
Two broad categories of supports have been studied for the development of supported 
transfer hydrogenation somces/hydiogen donors (see Scheme 70).
Supported Hydrogen Donors
Polymers Minerals
-Insoluble
-Soluble
SCHEME 70
The development of a supported transfer hydrogenation sources has been further classified 
as insoluble polymer backbones which includes (a) aminomethyl polystyrene and
(b) basic ion-exchange resin (anionic) (Amberlite® IRA 938 / Amberlite® IRA 400).
Also studied are the soluble polymer backbones involving (c) soluble di-A-ethyl 
polyethylene glycol supports.
Under the supports of mineral origin, the studies have concentrated on the use of basic 
alumina.
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3.2.1 Model studies and Development of Aminomethylpolystyi ene Supported Hydrogen 
Donor
Initially, the development of a supported hydrogen donor has been studied using 
aminomethyl polystyrene. Amino-functionalised polystyrenes provide indispensable 
platforms for solid phase mediated organic tr ansfbmrations e.g. in peptide synthesis, DNA 
and combinatorial synthesis applications.^® Typically, these are solid supports of 
polystyrene beads crosslinlced with 1 or 2 % divinyl benzene fimctionalised with 
aminomethyl groups. These are synthesised by reaction of chloromethyl resins with an 
excess of ammonia^ or with potassium phthalimide to give phthalimidomethyl resins, 
which by hydi'olysis yields the amine.^^^ And also by direct amidomethylation using N- 
(hydroxymethyl)phthalimide or A-(chloromethyl phthalimide) using an acid catalyst as 
HF, CF3SO3H or hr the preseirt study, airrinomethyl polystyreire resin with an
amine loading value of 0 . 6  nrirrol/g of resin was utilised with good swelling propeities.
NHj i ^  -y NH3
i i  "
172
SCHEME 71
Reagents and conditions: i) HCOOH; ii) stining , room temperatur e.
Development of a hydr ogen donor on aminomethyl polystyrene was modelled by studying 
a reaction on a benzylamine 172 moiety (see Scheme 71). Typically, benzylamine 172 on 
treatment with formic acid 173 on stiiTing at room temperature generated its formate salt 
174 by a proton donor-acceptor mechanism between the amine and the acid substrate. 
Accordingly, reactiorr on the benzylic amine moiety of resin 175 was done by treatment of 
the resin suspended in dichlororrrethane (DCM) and allowing the resin to swell. The resin 
suspension was then washed with 173 (20% solution in DCM). The washed resin was 
separated as the formate salt 176 and used as a hydrogen donor in transfer hydrogenations 
after drying (see Scheme 72).
175 HCO,-176
SCHEME 72
Reagents and conditions: i) HCOOH in dichloromethane (20%); ii) stinlng , room temperature.
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The loading value of the fomiate was determined as 0.6 mmol/g resin by using 
potentiometric titrations.
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3.2.2 Development of a Supported Hydrogen Donor using Ion-exchange Resin 
(Amberlite® IRA 938 (anionic))
Ion-exchange resins have been commonly used for removal of ionic impurities in many 
industrial and chemical processes.^^“'  ^These resins are well suited for such applications 
because of their high stability, ready regenerability and negligible temperature effects.
Both natural (zeolite) and synthetic ion exchange materials exist in the markets today. A 
vast majority of these materials applied in the industrial processes^^^'^ are organic resins of 
synthetic origin. The synthetic resins available are broadly of two types: (a) cation 
exchange resins and (b) anion exchange resins.
' Most of the ion-exchange resins aie manufactured by suspension polymerisation process 
using styrene 177 and divinyl benzene (DVB) 178. The styiene and DVB are introduced 
in a chemical reactor with equal amounts of water. Additionally, a suifactant is also 
introduced to keep the entire reaction mixture dispersed. The reaction mixtme is agitated 
to form large globules of the material and with more vigorous agitation the globules break 
up into small droplets to reach a size of about 1 mm. The polymerisation is then initiated 
by introducing benzoyl peroxide, to form polystyiene/DVB beads. The physical stiength 
of the macroreticular beads is rendered by the cross-linldng divinyl benzene, making the 
resin water insoluble.
hi the present study, emphasis has been laid on the use of a strong anion exchange resin 
for the development of a supported hydrogen donor. Such anion exchange resins are 
commercially available and are prepared by starting with Polystyiene-DVB beads and 
activating them in a two step process (see Scheme 73).
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CH=CH; CH=CH^
+
177 CH=CH2
178
H-CH-ÇH-CH— ÇH-CH—ÇH-CH-
171 CH-CHj
+ — CH-CH£*\^
NR, NR,
III
H-CHj-ÇH-CHj- CH-CH—ÇH-CH;
CH-CH;-
179
SCHEME 73
Reagents and conditions: i) polymérisation; ii) chlorométhylation; iii) amination.
Strongly basic anion exchange resins derive their functionality from quartemary 
ammonium exchange sites. Often these strong basic anionic exchange resins have tliree 
methyl groups (R = Me) and exist in the chloride and hydroxide form. (N^Rg Cl and N^Rg 
OH') Strongly basic exchangers have highly ionised functional group (OH ) and may 
readily exchange.
' f o r
181
Amberlite 
Cl' form
= Polystyi'ene/DVB
/ HCOj-
182
Amberlite 
HCOg- form
SCHEME 74
Reagents and conditions: i) HCOOH (98%).
The development of a hydrogen donor used a commercially available strongly basic 
anionic exchange resin (Amberlite® IRA 938 (Cf form)) 181. A packing of Amberlite 
resin 181 was prepared in a column and washed several times with 98% formic acid 173 
until complete elution of chloride and subsequently washed witli water (see Scheme 74). 
The strongly basic quarfeniary ammonimn fimction in the chloride form readily 
exchanges with the formate (HCO2 ) delivered by the formic acid. The resin was 
dismantled from the column and dried under vacuum for 24 hours, to give the formate
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form 182. The dried resin is now ready for application in transfer hydrogenations. The 
loading value of the formate was determined to be 2.5 mrnol/g resin using potentiometric 
titrations.
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3.2.3 Model Studies and Approaches to the Development of a Hydrogen Donor 
Supported on a Soluble Polymer Support (Polyethylene glycol 8000).
Polyethylene glycols (PEG) aie amongst the most studied soluble polymers for organic 
synthesis. ^  The wide application of PEG is attributed to its broad range of solubility in 
solvents like dimethyl fomiamide (DMF), DCM, toluene, acetonitrile, water and 
methanol. Again, it could be precipitated from solvents such as diethyl ether, isopropanol 
and cold ethanol. Also, PEGs in particular with hydroxyl groups at either ends of the 
chain lends itself generously to introduce organic moieties through simple reactions. PEGs 
are formed from the polymerisation of ethylene oxide. Typically, tlnough anionic 
polymerisation of ethylene oxide a polyether structme possessing either hydroxyl gi’oups 
at both ends, or a methoxy group at one end and a hydroxyl group at the other can be 
prepared. PEGs of molecular weights 2000 to 20000 are crystalline with loading 
capacities of 0 .1  to 1 nmiol/g.
Initially, a model study was perfoiined on small ‘PEG’ using the lower chain length of 
tetraethylene glycol 183. A quartemary aimnonium function was introduced onto the 
pendant hydroxyl gi'oups tlirough a simple Williamson ether synthesis using a suitable 
alkylating agent like 2-diethyl aminoethyl chloride hydrochloride salt 184 (2 mol equiv.) 
and a deprotonating base like potassium carbonate ( 2  mol equiv.) (see Scheme 75) in 
methanol at 50 ®C for 12 hours.
HCl N N HCl
188
SCHEME 75
Reagents and conditions: i) K2 CO3 , 2-diethylaminoethylchloride hydrochloride 184, MeOH; 
ii) 50°C, 12 hours.
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Figure 3.2 H NMR Spectrum of Compound 185
The quaternary ammonium salt functionalised tetraethylene glycol 185 was isolated in 
63% yield as yellow oil. The introduction of the quaternary amine function was confirmed 
by ’H NMR analysis which indicated the development of a triplet at 1.02 ppm 
corresponding to the methyl protons of -NCH 2 CH3  function on either side of the chain. In 
addition, there was a development of a quartet at 2.58 ppm and a triplet at 2.54 ppm 
coiTesponding to the 12 protons of —NCH? on either side of the chain (see Figure 3.2).
Following the model studies the development of a quartemary ammonimn salt was 
attempted on PEG 8000 186. The polymer (1 equiv.) was treated with 2-diethyl aminoethyl 
hydrochloride 184 (2 mol equiv.) in presence of potassimn carbonate as a base (2 mole 
equiv.) using methanol (50 ml) as the solvent at 45-50 temperature for over 12 hours. 
Thereafter, the polymer was isolated after reaction by reprecipitation, on pouring into 
diethyl ether. The analysis of the isolated polymer by NMR did not show any 
developments of the characteristic A^-diethyl (-N(C2lÏ5)2) protons and only a highly 
intense broad peak at 3.46 ppm corresponding to the polyethylene protons was obseiwed.
The reaction was attempted using dimethyl fomiamide (DMF) as a solvent. In this case, 
the starting polymer (PEG 8000) was allowed to stir initially in a suspension of potassium 
carbonate (2 mol equiv.) in DMF (50ml). After a few minutes (15-20’), the alkylating 
agent (2 -diethyl aminoethyl hydrocliloride) ( 2  mol equiv.) was introduced in the reaction 
mixture and the mixture was fui'ther diluted by addition of more DMF (50 ml). The 
mixture was set to heat while stining at 80-90 “C ovemight. Thereafter, it was worked up 
and the polymer was isolated by reprecipitation in diethyl ether. Analysis of polymer thus 
obtained was only consistent with the staiting PEG.
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Independent attempts to study the synthesis of quaifemaiy amine functionalised PEG 
using stronger bases like sodium hydride (NaH) and potassimn tert-butoxide (KO^Bu) 
were equally misuccessful. Use of solvents like tetrahydrofuran and toluene in the reaction 
mixture were rendered unsuccessftik
In most attempts NMR analysis of the isolated sample was inconclusive and no 
satisfactory evidence of the amine derivatised PEG was observed. And it was not possible 
to determine whether the introduction of the amine was successful. The O-alkylation of 
p e g ’s has been reported^'^ to occur smoothly under Williamson’s éthérification 
conditions. Our model study (scheme 75) was successful suggesting that the PEG 
derivatisation is expected to occm" in a similar rnarmer. In view of which, the PEG isolated 
after derivatisation was further washed with formic acid (20-40% in diethyl ether) and 
dried imder vacuum. The PEG obtained after washing gave a formate loading value of 0.4 
to 0.6 mrnol/g using potentiometric titrations. With this observation, it could only be 
speculated that the derivatised PEG adsorbed formic acid and also suggested a possibility 
of the presence of the quarfemary amino groups. The formic acid treated derivatised PEG
187 was investigated as a transfer hydrogenation source.
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3.2.4 Development of a Hydrogen Donor Supported on Basic Alumina
Amongst a variety of solid supports known today, alumina is often used as supports, 
where it provides a large surface area on which catalysts and reagents can be highly 
dispersed.
Some of the characteristics of almnina influences greatly in its applications.
• Alumina is resistant to chemical attack by a wide range of chemicals even at elevated 
temperatures.
• It has a poor conductivity and is resistant to thermal shock.
• Alumina possesses high dielectric str ength.
• It is strong absorber to microwave radio frequencies.
• Most importantly it is readily available and less expensive.
Most of the commercially available almnina is obtained by the calcination of aluminium 
hydroxide also known as alumina trihydrate or ATH (see equation 3.1 below).
2 AI2O3. 3H2O  2 AI2O3 (s) + 3 H2O (g) Eqn. 3.1
For the preparation of alumina supported hydrogen donor, basic alumina (broclcmarm 
gr ade 1) was utilised. A clnornatography column was packed witli basic almnina 188 and 
the packing was eluted five times with a formic acid 173 (20% solution in DCM). The 
alumina was removed and dried mider reduced pressure for 24 hours until a fr*ee flowing 
powder was produced. The alumina supported formic acid 189 thus obtained was ready 
for further application in hydrogenation reactions. The loading of formic acid on alumina 
was determined as 2  nnnol/g by potentiometric titrations.
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Supported Reagents for Microwave assisted 
Hydrogenation of Alkenes and Synthesis of
Formamides
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4.0 OUTLINE
“Hydrogenation” is defined as a chemical reaction involving the addition of hydrogen 
across a multiple bond in an organic compoimd.
Often reductions which are earned out in presence of a catalyst and a hydrogen donor are 
teimed as “Catalytic Transfer Hydrogenations.” Such reactions have been broadly 
applied in many important conversions like acids, aldehydes and ketones to alcohols, 
alkenes to alkanes, alkynes to alkenes and imines to amines. These reactions are equally 
important in the industrial context, with applications in hydr ogenation of vegetable oils to 
produce margarine, hydrogenation of fats and oils to produce waxes and other non-edible 
products and even in the synthesis of fine chemicals. Incidentally, the use of catalytic 
transfer hydrogenations has significantly grown against the use of the much conventional 
and older methods of using hydr ogen gas. Much of it is attributed to the experimental ease 
transfer hydrogenations involve, with comparatively easy set up and procedur es.
4.1 Hydrogen Donors for Reductions or Transfer Hydrogenations
Most catalytic transfer hydrogenations (CTH) involve the use of a hydrogen donor and a 
suitable catalyst. Many compoimds including cyciohexene, cyclohexadiene, hydrazine, 
formic acid, armnonium formate, phosphoric acid have been used as possible in situ 
hydrogen somces. Hydrogen tr*ansfer using such hydrogen donors generally involves mild 
reaction conditions. Several possible hydrogen transfer reactions are envisaged including 
hydrogen migration, talcing place within one molecule. Hydrogen disproportionation 
involving transfer taking place between identical donor and acceptor imits. Transfer- 
hydrogenation-dehydrogenation occuning between milike donor and acceptor units. 
Initially some of the interesting applications of these hydrogen donors will be 
summarised.
4.1.1 Cyciohexene
Cyciohexene 190 because of its ready availability and high reactivity has been 
conveniently used as a hydrogen source in catalytic transfer hydrogenation processes. An 
early study on the use of cyciohexene as a hydrogen donor for reduction of cimiamic acid 
reported^^“ that an imsubstituted cyciohexene displayed a relative ease of dehydrogenation
51
Chapter 4
in contrast with cyciohexene with a bulky substituent. Also, substituents of an activating 
nature like phenyl, improves its efficacy as a hydrogen donor. The application of 
cyciohexene has been repoi'ted '^^  ^ as a hydrogen donor in some of the eai ly work done in 
reduction of more complex molecules like steroids, involving the selective reduction of 
various steroid ethers of general type (see Scheme 76) to 6 -methyl steroids.
— GAc
— O
MeO'
190
GAc
= G
MeG"
191
SCHEME 76
Reagents and conditions: i) 5% Pd/C, cyciohexene; ii) heat
It has also found applications in the tr ansfer reduction of C=N compoimds in presence of 
Pd/C catalyst.^^^ Fiuiher transfer hydrogenolysis of halides,benzylic^^^ and allylic^^  ^
compounds, transfer hydrogenation of nitro compounds^^^ have been known using 
cyciohexene. Its applications in carbohydrate research accoimts in synthesis of L-glycono- 
1,4-Lactones and is involved in the hydrogenolysis of O-benzyl deriv a tiv es.T h o u g h  
cyciohexene offers as a suitable source of hydrogen for a niunber of transfer 
hydrogenations highlighted here, often, the temperature available with cyciohexene is not 
sufficient to cause reduction at an adequate rate,
4.1.2 Cyclohexadiene
Another example is that of Cyclohexadiene 191 which has also been conveniently used as 
a hydrogen donor in a number of transfer hydrogenations. Its major applications studied 
are chernoselective deprotection strategies. Groups like - COOBn, -PO(OH)OBn, -0-CBz 
and -N-CBz can be readily and efficiently deprotected in presence of Bn and BOM ethers 
and N-Bn groups using 10% Pd/C catalyst^^ (see Scheme 77).
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BnOs  ^ ^COOBn
192
SCHEME 77
Reagents and conditions: i) 10% Pd/C, cyclohexadiene; ii) heat
Also studied are the chernoselective deprotection of amines and reduction of C-C double 
bonds while leaving benzyl and benzyloxy methyl ethers intact^^^ (see Scheme 78). ■
'OBn
194 :: 195
OBOM OBOM
SCHEME 78
Reagents and conditions: i) 10% Pd/C, cyclohexadiene; ii) heat
4.1.3 Hydrazine
Use of Hydrazine 198 as a reducing agent has been well laiown with the Wolff-ICishner 
reduction .S olu tions of hydr azine or hydrazine hydrate have been used with or without 
bases (hydroxides) for reductions. Also, use of hydrazine in presence of a variety of 
catalysts has been growing for many transfer hydrogenations. The preliminary application 
of using hydi’azine in presence of finely divided hydrogenation catalysts like Pt, Pd and Ni 
led to the decomposition of hydrazine to liberate ammonia, nitrogen and hydrogen, hr 
addition, use of bases like hydr oxides increased the generation of hydrogen. The use of a 
catalyst with hydrazine as a hydrogen donor becomes more pronoimced as this avoided 
the use of high pressure apparatuses. Hydrazine has been broadly used for transfer 
hydrogenation of nitro compounds in presence of suitable catalysts.^^’^ '^^ '° Hydrazine 
hydrate supported on Alumina has been utilised for reduction of aromatic nitro 
compounds to amines in presence of Fe(III) oxide hydroxide or Fe(III) oxides under 
microwave conditions'^® (see Scheme 79).
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NO;
R"199 200R' = H, 4 -OCH3 , 4-Cl
R" = H
SCHEME 79
Reagents and conditions: i) H2 NNH2 .H2 O, FeClg.ôHzO; ii) MW
Interestingly, hydrazine has also been utilised in transfer hydrogenation of sugar 
derivatives.^^'* Cyclodexti'in azides have been successfully converted to conesponding 
amines. Hydrazines have also been reported for dehalogenations.^^*^ Using hydrazines, the 
release of hydrogen is often proportionately increased by increasing the concentration of 
hydroxide bases used. However, the presence of hydroxyl ion of the base hinders the 
hydrazine dissociation and ability of hydrogen to effect reduction is greatly reduced with 
the result that it is liberated as a gas.
4.1.4 Formic Acid and its Salts
Formic acid and formate salts have been extensively used in the study of transfer 
hydrogenation. Formic acid and specially formate salts are better hydrogen donors than 
other class of compounds as alcohols and hydroaromatics. Formic acid has been 
extensively employed for transfer hydrogenation of olefrrrs in presence of palladium 
catalyst.^ '^* Formic acid has also beerr employed for the selective transfer hydrogenation of 
a, /?- unsaturated ketones hr presence of a modified active Ir complex c a t a l y s t . A n  
effective hydrogen transfer has also been reported from a formic acid/triethyl amine (5:2) 
azeotrope to a, |3-unsaturated carboxylic acids in presence of rutheniimi complex 
catalysts.^^** In the area of carbohydrate research, formic acid facilitates the homogeneous 
hydrogenation of two epimeric aldoses, D-glucose and D-rnamiose in presence of 
ruthenium complex ca ta ly s t .F o rm ic  acid also assists the palladium catalysed transfer 
hydrogenation of nitrates in waste and drinking water which would offer as a promising 
method for nitrate rernoval.^^°
It has been shown that salts of formic acid are much better hydr ogen donors than formic 
acid.^^’^  ^Typically, considering few of the formate salts as HCOOM where M = H, Na, K,
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Li, NH4, the hydrogen donor activity will follow the order HCOONH4 > HCOOK > 
HCOONa > HCOOLi > HCOOH. Particularly interesting is the pronounced activity of 
ammonium formate as compared to formic acid where size of the cation (NH4 )^ and the 
nature of the 0 - N  ionic bond are the two important contributing features.
4.1.5 Ammonium Formate
Despite the variety of organic/inorganic hydrogen donors laiown, ammonium formate 201 
has been proven to be the most convenient and efficient for catalytic transfer 
hydrogenations. Over the years, more and more attention has been drawn into its use 
because it is readily available, less expensive, stable and non-toxic. There has been 
noticeable development in the application of ammonium formate for selective reductions 
of azide, hydrazone, nitrile, dehalogenation of aromatic chlorocarbons, deprotection of 
orYAo-benzyl group and many other important organic transformations.^^
The stereoselective synthesis of j8 -amino alcohols is of considerable interest in organic 
synthesis as jS-amino alcohols constitute useful synthons to many important heterocycles. 
Armnonium formate in THF-MeOH solvent in presence of 10% Pd on charcoal efficiently 
reduces ^-nitro alcohols to the correspondirrg /3-amino alcohols at room temperature in 
high yields^(see  Scheme 80).
OH
NO.
202 R^CHjOTHP 
R = Me
SCHEME 80
Reagents and conditions: i) HCO2NH4 , 10%Pd/C, THF-MeOH; ii) stirring, room temperature
Also, % /3- unsaturated nitr'oalkenes carr be readily reduced to the corresponding oximes in 
good yields using armnoniimi formate in the presence of p a l lad ium .^ In  addition, 
armnonimn formate has also been exploited in the reduction of heterocyclic ring in 
quinoline and isoquinoline, reduction of carbonyl and other functional groups, reduction 
of double bond in conjunction to carbonyl moiety, in regioselective reduction of epoxides.
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chemoselective reduction of (%, /?- unsaturated sulfones and pliosphonates and many other 
organic transfbrmations.^^^
4.2 Heterogeneous and Homogeneous Catalysts for Transfer Hydrogenation
4.2.1 Outline
Equally important is the catalyst in transfer hydrogenations. Hydrogenation catalysts aie 
broadly classified into two types (a) Heterogeneous Catalyst and (b) Homogeneous 
Catalyst. A gi eat majority of hydrogenations are done with these types of catalysts.^^^' 
hi the area of transfer hydiogenation use of transition metal catalysts has been significant 
and many catalysts and complexes developed on Rh, Pd, Ru, h  metal centies have been
apphafW^K^wtKk
4.2.2 Heterogeneous Catalysts for Transfer Hydrogenation
Heterogeneous catalysts are solids that form a distinct phase in the gas or liquid 
environment. Typically, in catalytic hydrogenations, for selective reduction of a particular 
fimctional group in a molecule, the function would normally imdergo an activated 
adsoiption on a catalytic site, and preferably it would occupy most o f the active sites on 
the catalyst. The efficacy of the reduction is largely affected when catalytic sites ai*e 
poisoned or have been occupied by some other function. Considering an example of the 
addition of a molecule of hydrogen across a C-C double bond, hydrogenations perfonned 
under catalytic conditions proceed via a stepwise mechanism, where the inteimediates are 
stabilised by interaction with the catalyst. '^* '^  ^ Usually, catalyst of the group VIII metals, 
bring along the hydrogen and the TT-system of the double bond (C=C) onto the active site. 
In case of heterogeneous catalysts such as Pd/C, the active site may be considered as a 
cluster of metal atoms. Initially, there is physisorption and then chemisorption of the 
alkene and the hydrogen onto the active surface of the catalyst. Following which, there is 
a hydrogen ti'ansfer, tlirough an intennediate, to give an alkane (see Scheme 81).
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A=B H-H
Catalyst surface
A=B H
HA-BH
SCHEME 81
4.2,3 Homogeneous Catalysts for Transfer Hydrogenation-Wilkiuson’s Catalyst
Homogeneous catalysts generally dissolve in the liquid enviromnent, forming only a 
single phase. Catalytic hydrogenation under homogeneous conditions would essentially 
involve the use of homogeneous catalysts. Very few homogeneous catalytic systems were 
reported until the seminal work from Wilkinson and his co-workers/^^"^ leading to the 
development of several transition metal complexes which found applications to 
hydrogenate unsatmated compoimds in homogeneous conditions. Tris(triphenyl 
phosphine)chloro rhodium (I) (RliCl(PPli3)3) 204 was firstly reported by Wilkinson and 
his co-workers in mid 1960’s.^  ^ Its hydrogenating activity was frirther discovered 
independently by Coffey.^*  ^ This complex was found to be very efficient hydrogenation 
catalyst and has been extensively employed.
The Wilkinson’s catalyst forms an integral part of the present study and will be utilised 
extensively in studying several transfer hydrogenations to be discussed in the later part of 
this chapter. In this section, emphasis has been laid on the synthesis, some properties and 
particularly the mechanism of hydrogenation involving its use.
4.2.3.1 Wilkinson’s Catalyst- Synthesis and Some Properties
Wilkinson’s catalyst 204 is synthesised from rhodium (III) chloride trihydrate 205 by 
refluxing with excess tiiphenyl phosphine 206 in ethanol (see Scheme 82). The reaction is 
done imder nitrogen atmosphere. After refluxing for two hours, a red crystalline product 
begins to precipitate which can be collected by vacuum filtration, hi case, the ethanol used 
is insufficient, it leads to the development of the polymoiphic form of the product wliich
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is orange crystalline solid only after few minutes of refluxing, possessing similar chemical 
properties but different catalytic activity. This orange crystalline product could be 
converted to the red crystalline form by continuous refluxing. The red crystalline complex 
(RliCl(PPli3)3) 212 has a m.p. of 157”C and is soluble in chlorofonn and dichloromethane 
(~ 2 0 g 1 ■*), but only slightly soluble in benzene or toluene (~ 2 g 1 ’ )^ and is considerably 
less soluble in acetone and alcohols.
RhClj + 4PPI13 .. ^  RhCl(PPh3)3 + CI2PPI13
205 206 204 207
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R e a g e n t s  a n d  c o n d i t i o n s :  i) ethano l ii) re flu x
Solutions of the complex in chloroform and benzene readily absorb oxygen to form an 
unfavourable inactive oxygenated complex. The complex also dissociates in solution, over 
long periods and may dimerise. The orange-pink dimer is only sparingly soluble in 
organic solvents and giadually precipitates fr om the solution. This dimer was predicted by 
Wilkinson^^^ to be a halogen bridged stiuctme (see Figure 4.1). The fomiation of such 
dimers could be suppressed by using an excess of the triphenyl phosphine during the 
reaction.
PhaP',, A, ...PPh,
PhjP'^ ’^ U '^^ PPhjCl
214
Figure 4.1 Halogen bridged dimer
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4.2.3.2 Mechanism of Hydrogenation using W ilkinson’s Catalyst
204
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+ L ^ 1 — Cl 
" 208
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Many catalytic processes involve elementally reactions of organometallic compounds. One 
of the most extensively studied is the homogeneous hydiogenation of olefins by the 
chlorotris(triphenyl phosphine) rhodium(I) RliCl(PPli3)3 204.^ ^^ '"^  The most commonly 
accepted mechanism of this catalytic process is due to Halpem, supported by careful 
kinetic^^ '^ '^^ and spectroscopic studies.^^®' ’^ The predominant catalytic cycle is shown in 
Scheme 83. The cycle constitutes an oxidative addition of hydrogen molecule prior to the 
olefin co-ordination. RliCl(PPli3)2 reacts with at least 1 0 "^ times faster than 
RliCl(PPli3)3 .^ ’^^ '’ hi the dissociative pathway tlnough the 14e tlnee co-ordinate 
intennediate 208, the oxidative addition of H2 to the transition metal complex is a 
concerted process leading to the cis adduct 209. The adduct is a five co-ordinate dihydride 
complex 216 with a trigonal bipyiamidal stmcture. The next step is the co-ordination of 
alkene (eg: ethylene) to the complex 209, H2RliCl(PPli3)2. Experimentally, the cis 
dihydiide olefin, which is foimd trans to a hydride is more stable. Thereafter, an 
intramolecular migratory olefin insertion gives the 7^'a77j-ethyl complex 2 1 1  which is the 
rate determining step in the catalytic cycle, hi this stage, the olefin picks up the hydride 
from the metal at its imco-ordinated caibon. The reaction thus is described as a hydrogen 
inigi ation. The ethyl complex 211 has the ethyl group trans to the hydride. In order for the 
reductive elimination of ethane to take place, these two groups have to be cis to each 
other. An isomérisation leads to the c/5 -ethyl hydride complex 212. Finally, the reductive 
elimination of the ethane 213 from cw-ethyl hyiide (HRIiCl(PPh3)2(C2H5)) in the 
Wilkinson’s catalyst cycle is considered to be fast and regenerates the complex 208.
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In summary, a variety of hydrogen donors and their successful application in different 
transfer hydrogenations has been described. Also, the involvement of catalysts of 
heterogeneous and homogeneous nature in transfer hydrogenations has been described. 
However, a large majority of the hydrogen sources utilised are not of a recyclable nature 
and camiot be reused. More importantly, the most widely and popularly used ammonium 
formate itself has several disadvantages which have been highlighted in the earlier section 
(see Chapter 2). This has given impetus to the development and use of novel hydrogen 
donors in the present study. The development of such novel transfer hydrogenation 
sources supported on inorganic/organic matrices has been described in the earlier section 
(see Chapter 3). In continuation this chapter will emphasise the application of these novel 
hydrogen donors in studying transfer hydrogenations. The study will also predominantly 
involve the use of the Wilkinson’s catalyst during the transfer hydrogenations, hi 
particular, the study will investigate the application of microwave conditions in achieving 
transfer hydrogenations.
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4.3 Microwave assisted Hydrogenation of Electron-Deficient Alkenes using Polymer 
Supported Hydrogen Donor (Aininometliylpolystyrene)^^
Studies were earned out to investigate the potential of the novel polymer supported 
hydrogen donors. The studies involved reduction of electron deficient alkenes like a, /5- 
imsatinated carbonyl compoimds. This was done in presence of the Wilkinson’s catalyst. 
Particularly interesting is the idea of studying these reactions under the influence of 
microwave irradiations.
Initial studies were performed utilising a hydrogen donor developed on aminomethyl 
polystyr ene resin 175 (see Chapter 3). The polymer supported fomiate 176, with a loading 
value of 0 . 6  minol/g was used as a transfer hydrogenation source in the reduction of 
electron deficient alkenes. For a reaction done under microwave irradiations, a solvent 
with high dielectric properties and transparency to microwaves is preferred. Dimethyl 
sulfoxide (DMSO) was chosen as a solvent, serwing as a heat transfer agent. The reactions 
were done in a Pyrex® glass tube (see Fig 1.7 in Chapter 1) with a screw cap top. 
Microwave conditions were applied to the reaction mixture using a monomode microwave 
reactor (MW 10 Microwell microwave reactor) operating at variable power and time of 
irradiation.
O
P h '' "O H  — Ph"  ^  "OH
214 "  215
50%
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Reagents and conditions: i) Aminornethylpolystyi'ene supported formate 176, RhCl(PPh3 ) 3  204, 
DMSO; ii)MW
A reaction mixtme was prepared using ^rrz/rj'-cinnamic acid 214 (0.67 mmol) 
arninomethylpolystyrene sirpported formate 176 (0.17 mol equiv) and Wilkinson’s 
catalyst 204 (0.03 mol equiv) using a minimum quantity of the DMSO (see Scheme 84). 
The reaction mixture was irradiated with microwaves at 300 W for 10 seconds. On 
irradiation the mixture showed the characteristic peaks of the a,i3-saturated compound, 
distinguished in the *H NMR with triplets at 2.61 ppm and 2.95 ppm corresponding to the 
desired hydrocimiamic acid 215 (on comparison with an authentic sample). The yield of
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the compound was obseiwed less than 50%. Confirmation of the formation of 215 from 
the above reaction was obtained by an independent synthesis. Authentic 215 was prepared 
using sodium borohydride as the reducing agent using reflux conditions in methanol. In 
view of improving the organic transformation, the reaction was attempted by reducing the 
quantity of starting trans-cinnamic acid 214 (0.3 mmol), and the quantity of the hydrogen 
donor 176 was enlianced to 0.35 mol equiv and the Wilkinson’s catalyst to 0.05 mol 
equiv. using DMSO as the solvent. The mixture was irradiated with microwaves at 300 W 
for 10 seconds. These changes did not help in improving the yields, retaining the 
unieacted starting material along with evidence of the hydrociimamic acid. At this stage, 
the amount of the hydrogen donor 176 was increased to 0.44 mol equiv. keeping the 
amount of the catalyst 204 consistent. This attempt did not indicate any improvements. 
Equally less successful was the attempt done by increasing the quantity of the hydrogen 
donor to 0.53 mol equiv.
Attempts made by gradually increasing the amounts of the Wilkinson’s catalyst 204 to 
0.12 mol equivalents did not show any improvements in the reaction. This only made the 
product piu'ification more difficult.
Often use of alternative solvents may seiwe helpful and in this case use of a high boiling 
point solvent like di-n-butyl ether did not show improvements. Use o f mixture of solvents 
was also considered and few drops of water were introduced in the reaction mixtuie which 
showed no substantial improvements in the reaction. The reaction was also attempted by 
altering the incident microwave power and time of irradiation on the sample. This was 
done by gradually reducing the power of irradiation to 100 W and correspondingly 
increasing the time to 20-30 seconds. Most of the attempts did not exhibit any noticeable 
improvements.
o
P h^ "O M e  Ph" ^  'O M eii
216 217
<50%
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Reagents and conditions: i) Aminornethylpolystyi'ene supported formate 176, RhCl(PPli3 ) 3  204, 
DMSO; ii) MW
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The microwave assisted reduction of otlier o^jS-unsaturated compounds like ?ra«5'-methyl 
cinnamate 216 and trans-ethyl cimiamate 218 were also attempted using the polymer 
supported hydrogen donor 176. hi case of ï/'azij-metliyl cinnamate 216 (see Scheme 85), 
most attempts made by altering the quantities of the hydi'ogen donor 176 (0.1-0.5 mol 
equiv.), the catalyst 204 and the microwave irradiation scale indicated an incomplete 
reaction. The reaction mixtme of compound 216 after iiTadiation showed triplets at 2.60 
ppm and 2.95 ppm which was consistent with the o,|8 -satm-ated protons in methyl 
hydrocinnamate 217 and indicated low yields (40-50%). Isolation of compound 217 was 
not possible. The confirmation of the fomiation of compound 217 from the reaction was 
obtained by an independent synthesis of 217. Authentic 217 was prepared using NaBH4 as 
a reducing agent in refluxing methanol.
o  Q
Ph'" "OEt ----------  Plri 'OEtii
218 219
<50%
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Reagents and conditions: i) Amiiioniethylpolystyrene supported formate 176, RliCl(PPh3 ) 3  204, 
DMSO; ii)MW
Similai'ly, the microwave assisted (300 W for 10 seconds) reduction of ?ra«5 -ethyl 
cinnamate 218 (see Scheme 8 6 ) gave evidence of ethyl hydrocimiamate 219 which was 
characterised by triplets at 2.61 and 2.95 ppm of the ce,|S-saturated methylene protons in 
the NMR. The iiTadiated reaction mixture also identified the unreacted starting 
material and indicated low yields (<50%) of reduction. Conflmiation of the fonnation of 
compomid 219 from the above reaction was done by an independent synthesis of 219. An 
authentic sample of 219 was synthesised using NaBH4 as the reducing agent. Attempts 
were also made to study the reduction of other compounds like an aliphatic a,|3- 
unsaturated crotonaldehyde 220 under microwave conditions. The reaction mixture on 
iiTadiation with microwaves was studied by NMR indicating only traces of the desired 
hydrocrotonaldehyde 2 2 1  distinguished by extremely less intense peaks of the 0 !,|6 - 
saturated methylene protons obseiwed at 2.61 and 2.95 ppm on comparing with an 
authentic sample. Reduction of 1,4-diphenyl-1,3-butadiene 222 containing two 
unsaturated olefinic system was studied using the hydrogen donor 176 and Wilkinson’s
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catalyst 204 under microwave inadiations at 300 W for 10 seconds. The mixture on 
irradiation identified preferential reduction at one of the olefinic bonds with low intensity 
triplets at 2.54 and 2.79 ppm coiTesponding to methylene protons of 1,4-diphenyl-but-1 - 
ene 223 (compaiison with data of an authentic sample). The reaction indicated a partial 
saturation of the compomid which was very low yielding and largely identified the 
mneacted starting diene.
The microwave assisted reductions of the electron-deficient alkenes studied using 
aminornethylpolystyi'ene supported hydrogen donor 176 were generally low yielding. It is 
possible that insufficient availability of hydrogen fiorn the tr'ansfer hydrogenation source 
176 may be responsible for the incomplete reduction of cx,j8 -rmsatrrrated alkenes studied. 
Evidently, the polymer supported formate 176 had a relatively low formate loading (0.6 
mmol/g). Use of the supported hydrogen donor 176 is limited fiom 0.17 to 0.53 mol 
equivalents and intr oducing further excess of the polymer supported reagent is not suited 
when performing reactions in the typical reaction tubes (see Figure 1.7, Chapter 1) mider 
monomode microwave conditions, hi addition, the possibility of a side reaction leading to 
the formation of a polymer supported formarnide may also be held responsible in the 
lower yields of reduction. Above all, aminomethylpolystyrene support is relatively 
expensive.
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4.4 Thermal and Microwave assisted Hydrogenation of Electron-Deficient Alkenes 
using a Polymer Supported Hydrogen Donor (Amberlite® IRA 938 (anionic))
In view of the relatively low yields of the reductions and the relatively liigh cost of 
aininomethylpolystyi ene, use of a different support for formate was investigated.
A polymer supported formate has been developed using an anionic ion exchange resin 
(Amberlite® ERA 938) 181. Ion exchange resins are easily available and are relatively 
cheap. The Amberlite supported formate 182 has been prepared (see Scheme 74, Chapter 
3). The loading value of the formate was determined as 2.5 mmol/g.
214 215
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Reagents and conditions: i) Amberlite supported fonnate 182, RhCl(PPh3 ) 3  204, DMSO; ii) MW
hiitially, the polymer supported fomiate 182 was utilised in studying the reduction of 
unsatinated carbonyl compoimds in presence of Wilkinson’s catalyst. A reaction mixture 
of ^ran5 -cinnamic acid 214, Amberlite supported formate 182 (4 mol equiv.) and 
Wilkinson’s catalyst 204 (0.25 mol equiv.) in a minimum quantity of DMSO (see Scheme 
87) was irradiated with microwaves at 300 W for 10 seconds. On completion, the mixture 
identified low yields of reduction at the C-C double bond and evidence of unreacted 
starting material retained in the reaction mixtme was obtained. In view of improving the 
reaction, the microwave inadiation power was reduced to 100 W and the time of 
irradiation was extended to 30 seconds. This resulted in the reduction of the a , j S -  
unsaturated ?ra«i'-cinnarnic acid 214 to give quantitative yields of the desired 
hydrocinnamic acid 215. This was characterised by triplets observed at 2.61 ppm and 2.95 
ppm conesponding to the (%,|6 -saturated methylene protons (-CH2) appealing in the 
product 215 with no evidence of mireacted starting material.
In a later attempt, the reaction mixtures was prepared by lowering the Wilkinson’s catalyst 
204 content (0.06 mol equiv.) and it also gave quantitative yields of reduction. On further 
lowering the catalyst below 0.06 mol equiv, the yields of the reaction deteriorated. A 
thermal control reaction was studied while maintaining the reaction mixture scale and
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heating in an oil bath. Heating the mixture for up to 3-4 horns at 70-80°C lowered the 
yields to 80% yields.
In compaiison, reduction of unsatmated caiboxylic acids like /‘ra«5'-cimiamic acid and 
other compounds like azlactones, a-ketocarboxylic acids have been reported in the 
literature^^ to give quantitative yields of reduction by Pd catalysed transfer hydiogenation 
in alkaline aqueous medium. Synthesis of the desired hydiocimiamic acid by this method 
involves comparatively longer reaction times of up to 12-16 horns. Also, some other 
work^^ describes selective reduction of C-C double bonds of ce,/3-unsaturated carbonyl 
compounds including rra^i.s'-cinnamic acid m very high yields using hydrogen selenide 
(HiSe) generated in situ. The reaction produces very high yields of the hydrocinnamic 
acid after as long as 24 hours of reaction times and involves use of some rather avoidable 
hannful reagents.
,CH,Ph
216 217
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Reagents and conditions: i) Amberlite supported formate 182, RhClfPPhs)] 204, DMSO; ii) MW
The Amberlite supported formate 182 was fiuther employed to investigate the reduction 
of (X,/3-unsaturated carboxylic acid esters like ?ra«5 -methyl cimiamate 216 and trans-ethyl 
cinnamate 218. A reaction mixtme of /ra/i^-methyl cimiamate 216, Amberlite supported 
formate 182 (4 mol equiv.) and Wilkinson’s catalyst 204 (0.06 mol equiv.) in DMSO was 
inadiated with microwaves at 100 W for 30 seconds (see Scheme 8 8 ). After irradiation 
the mixture indicated excellent yields (90%) of the desired methyl hydrocinnamate 217. 
Compound 217 was characterised in the *H NMR by development of triplets chai acteristic 
of the saturated methylene protons obseiwed at 2.62 ppm and 2.95 ppm. Theraial 
comparisons were studied by repeating the reaction on the same scale and heating in oil 
bath at 70-80”C for 3-4 horns. Even after 4 hours of reaction time, the theniial route was 
not equally successfiil and lowered the yields of the reduction product to 70-75%. 
Synthesis of systems like methyl hydrocimiamate has been reported in the literature^ 
using other non-conventional techniques. These techniques report the use of a 
heterogeneous diphosphine rhodium (I) hydiogenation catalyst incorporated into an
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organic polymer utilised in a fluorous biphase solvent, showing an increase in the rate of 
reduction. Synthesis of methyl hydrocimiamate using such systems is interesting however 
the synthesis is favoured only at high pressures, hi anotlier case, the chemoselective 
reduction of functional groups like C=C in presence of esters found in methyl cinnamate 
have been reported^ using tetrabutylammonium borohydride in chlorosolvents. Such 
systems involve reaction times up to 5 hours and malce the isolation of higher yields of the 
product less tenable due to multiple steps involved.
218 219 
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Reagents and conditions: i) Amberlite supported fonnate 182, RhCl(PPh3 ) 3  204, DMSO; ii) MW
Similarly, microwave iiTadiation of a reaction mixtme prepaied with rm/M-ethyl 
cimiamate 218, Amberlite supported fomiate 182 (4 mol equiv.) and Wilkinson’s catalyst 
204 (0.06 mol equiv.) in DMSO provided high yields (80%) of the desired ethyl 
hydrocimiamate 219. 'H NMR analysis of the mixture isolated as light yellow oil after 
reaction showed development of a new set of triplets at 2.61 ppm and 2.95 ppm 
suggesting the selective reduction of a,/3-uiisatmatioii to have occuned successfully. A 
thermal comparison of the reaction studied by heating in an oil bath (75-80 °C for 3-4 
homs) showed lowering in the yields (60-65%).
Reduction of a variety of a,jS-imsatm*ated esters like ^ran^-ethyl ciimamate and cyclic 
ketones has been reported in the l i t e r a tu re s h o w in g  a smooth reduction of the C-C 
double bonds with a combination of inexpensive and readily available trichlorosilane and 
C0 CI2 . However, reductions under such mild conditions have shown less competitive 
yields. Selective reduction of the o:,/3-imsatm’ated carbonyl and ene dicarbonyl compomids 
have been s tu d ied ^ u s in g  relatively simple systems like aliuninium trichloride hydrate 
and Zn in THF under ambient conditions. Such systems favom* good yields of reduction 
products but often require longer reaction times.
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224 225
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Reagents and conditions: i) Amberlite supported fomiate 182, RliCl(PPli3 ) 3  212, DMSO; ii) MW
The reduction of o;/3-imsaturated carbonyl compounds like ^ran^’-cimiamaldehyde 224 has 
also been studied under microwave conditions.(see Scheme 90). Microwave irradiation 
(100 W for 30 seconds) of a reaction mixture of 2f7^ fl775-cimiamaldehdye 224 with 
Amberlite supported formate 182 (2 mol equiv.) and Wilkinson’s catalyst 204 (0.06 mol 
equiv.) showed only a trace of the desired hydrocinnamaldehyde 225 and largely 
exhibited the rimeacted starting aldehyde. Clearly, tlris observation indicated that, by 
lowering the hydrogen donor content to 2  mol eqrriv. significantly lowers the efficiency of 
the reduction. Reduction of ?ra72.y-cinnamaldehyde 224 was attempted by entrancing the 
Amberlite supported fonnate 182 to 4 mol equiv. On microwave irradiation (100 W for 30 
seonds), the mixtme gave virtually quantitative yields (95%) of the desired 
hydrocinnamaldehyde 225. Thermal control (70 “C) of the reaction mider identical scales 
exhibited comparative lower yields even after 4 hours of heating (70%).
Conjugate reduction of o:,j(3-imsatm'ated carbonyl compomids like ^raMj-cimmamaldehyde 
by complexation with aluminium tris(2 ,6 -diphenyl phenoxide) is reported in some recent 
literature. However, this method being a multistep process is less promising in giving 
high yields of reduction and involves a generous use of solvents like toluene, THF, hexane 
and also use of some strong reagents like DIB AL and n-butyl lithimn.
226 227 
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Reagents and conditions: i) Amberlite supported formate 182, RliCl(PPh3 ) 3  204, DMSO; ii) MW
The Amberlite supported formate 182 has also been investigated for studying the 
reductions of a,/3-unsaturated ketones like benzylidene acetone 226 (see Scheme 91). A 
reaction mixtme prepared using benzylidene acetone 226, the polymer supported 
hydrogen donor 182 (4 mol equiv.) and Wilkinson’s catalyst 204 (0.06 mol equiv.) in
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minimum quantity of DMSO gave virtually quantitative yields of the reduced benzyl 
acetone 227 on microwave irradiation at 100 W for 30 seconds. The reduced product was 
characterised by the development of signals corresponding to the a,/3-saturated methylene 
protons at 2.78 and 2.87 ppm in the *H NMR. Thermal comparison of the reaction carried 
on the same scale for 3-4 hours showed the yields to fall to 70%.
Recent repor'ts'®'^  ^ in the literatrne to reduce the C=C bond in highly activated conjugated 
systems such as jS-arylenone and enone esters found in benzylidene acetone 226 have been 
developed using Indium metal in aqueous ethanolic ammonium chloride used as a solvent. 
This method however new involves relatively longer reaction times (12 hours) and is 
relatively low yielding (40%). Reduction of the a,j8 -unsatinated ketonic systems using 
NaBH4 or NaBITt + C0 CI2 selectively controlled by water or by aq. micellar solutions 
is rather simple but again involves relatively long reaction times.
^.-^CONCCHj), — _  p |3 /-\/C 0 N (C H ,)j  
ii
228 229 
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Reagents and conditions: i) Amberlite supported formate 182, RhClfPPh])] 204, DMSO; ii) MW
Equally successful was the reduction of a,/3-unsaturated amides like A,A-dimethyl 
cirmarnide 228 giving virtually quantitative yields of reduction product, A,A-dimethyl 
hydrocimramide 229. Microwave irradiation of a sample of W,W-dimethyl cirmamide 228, 
Amberlite supported formate 182 (4 mol equiv.) and Wilkinson’s catalyst 204 in DMSO 
gave quantitative yields of compound 229 (see Scheme 92) characterised by diagnostic 
triplets of the 0 !,/3-saturated methylene protons at 2.73 and 2.98 ppm. The peak 
corTesponding to the protons in -N(CH3)2 group were observed overlapping at 2.93 ppm. 
Thermal comparisons done by heating the reaction mixture for 3-4 hours in an oil bath at 
identical scales at 70-80 °C showed reduced yields (70%).
Use of simple systems like Lewis acid, Bp3 .Et2 0  has been r e p o r t e d i n  the literature for 
the reduction of such unsatmated amides; however, this method provides very low yields 
(57%).
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230
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Reagents and conditions: i) Amberlite supported fonnate 182, RhCl(PPli3 ) 3  204, DMSO; ii) MW
The reduction of o^jS-unsatiuated nitrites like //'a/î^-cimiamonitrile 230 has also been 
studied under microwave conditions (see Scheme 93). Microwave irradiation (100 W for 
30 seconds) of a reaction mixture of ^razw-cinnamonitrile 230, Amberlite supported 
fonnate 182 (4 mol equiv.) and Wilkinson’s catalyst 204 (0.06 mol equiv.) gave virtually 
quantitative yields (95%) of the reduced hydrocimiamoniti'ile 231. Thermal comparisons 
of the reaction done at 70-80°C heating in an oil bath for up to 4 hours has given identical 
yields (95%).
ii232 233
OH
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Reagents and conditions: i) Amberlite supported formate 182, RliCl(PPh3 ) 3  212, DMSO; ii) MW
n-Pentarioic acid (valeric acid) 233 has been synthesised in quantitative yield by reduction 
of the o,j6 -unsaturated carboxylic acid, ù-on.y-2-pentenoic acid 232 (see Scheme 94), using 
4 mol equiv. of the Amberlite supported formate 182 and 0.06 mol equiv. Wilkinson’s 
catalyst 204 in DMSO. The thermal control reaction canied out at 70-80 °C for 3-4 horns 
showed lower yields (50%).
f H o  Ho
HbHd Hd222
223
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Reagents and conditions: i) Amberlite supported formate 182, RhCl(PPli3 ) 3  204, DMSO; ii) MW
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Hydrogenation of a sterically hindered conjugated diene like trans, ?ra?25-l,4-diphenyl-
1,3-butadiene 222 has been studied (see Scheme 95). Microwave iiTadiation (100 W for 
30 seconds) of a reaction mixture with 1,4-diphenyl-1,3-butadiene 2 2 2 , Amberlite 
supported fonnate 182 (4 mol equiv) and Wilkinson’s catalyst 204 in DMSO initially 
showed selective hydrogenation of only one C=C bond. The mixtuie showed traces of 
trans, j--1,4-diphenyl-1 -butene 223 and largely retained the unieacted starting diene.
Increasing the polymer supported hydrogen donor 182 to 8  mol equiv. and the 
Wilkinson’s catalyst 204 to 0.36 mol equiv., microwave irradiation of the reaction mixture 
preferentially hydrogenated one of the C-C double bonds and gave 80% yield of the 
reduction product 223. 'H NMR of the starting material 222 shows characteristic 
multiplets of the conjugated diene across protons Ha, Hy and He, Hd at 7.03-6.68 ppm In 
contrast, the product 223 isolated after iiTadiation was characterised by a doublet obsei*ved 
at 6.38 ppm coiTesponding to proton H& of the remaining C-C double bond and 
development of multiplets at 6.30 (Hb), 2.79 (He) and 2.54 (Hd) ppm (see scheme 95). This 
observation was consistent with that of an authentic sample. Thermal comparisons of the 
reaction done with an identical scale by heating in an oil bath at 80°C for 3-4 hours 
showed poor yields (<2 0 %) and retained the unreacted stalling material in the mixture.
HO
234
AcO
235 237
O
OH
236
251
Attempted hydrogenation of sterically hindered or non activated steroid systems like 
ergosterol 234, prognenolone acetate 235, aliphatic long chain acids like elaidic acid 236 
and systems like fx-pinene 237, 4-phenyl-1-butene 251 using Amberlite supported formate 
were unsuccessful under microwave conditions.
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Reports documented in the literature^^^ involving some deuterium labelling experiments 
have provided a mechanistic rationale for selective C=C reduction of O!,j0-imsaturated 
carbonyl compounds like itaconic acid derivatives using molecular hydrogen or foimic 
acid/triethylamine. Some other labelling studies reported'^ '^  ^ have also rationalised the 
mechanistic details on reduction of cx,/?-unsaturated carboxylic acids and esters using a 
soluble fonnate supported on TMEDA salt as a hydrogen donor in presence of
Wilkinson’s catalyst 204. In this case, use of highly polar solvents like DMSO has shown 
an effective reduction in compaiison with other organic solvents.
In this study, Amberlite supported formate 182 has been applied as a transfer
hydrogenation source for the reduction of c^jS-unsaturated electron-deficient alkenes. Our 
studies under microwave conditions have demonstrated that Amberlite supported fomiate 
182 in presence of Wilkinson’s catalyst 204 selectively reduces ce,/3-unsaturated olefinic 
bond and affords the corresponding reduction products. Most of the substrates containing 
an electron withdrawing substituent (R’, see table 4.1) in conjugation with the o;/5- 
unsaturated olefin have shown quantitative yields of the reduction products. In each case a 
theiinal comparison for each reaction studied was imdertaken. In most of the cases
studied, in comparison to the classical thermal approach, there has been a significant
improvement in the reaction yields activated by microwave irradiation. In particular, in 
case of compound 232 imder microwave heating, there has been a noticeable 
improvement in the yield of the reduction product as compared to the classical approach. 
Hydrogenation of a conjugated diene 222 has shown high yields of selective reduction of 
one of the double bonds and required relatively higher quantities of the polymer supported 
donor 182 (8  mol equiv.) and the Wilkinson’s catalyst (0.36 mol equiv.). In case of 
substrate like a-pinene 237, 4-phenyl-but-1 -ene 251 where the olefin was not activated, no 
reduction was obsei-ved. It should also be noted that the insoluble nature of the polymer 
supported hydrogen donor has significantly contributed in simplifying the reduction 
procedures. The polymer supported fomiate salt can be easily regenerated at the end of the 
reaction and could be easily removed Aoni the reaction mixture by filtration. Often, in the 
stage of purification by filtration, the reaction mixtures were led through a plug of 
alumina for removal of the catalyst. In this manner the alumina adsorbs the catalyst from 
the solution. Eventually, evaporation of the solvent leads to the isolation of the reduced 
product in a pure state. More importantly, the polymer supported fonnate could be reused 
in four to five reaction/regeneration cycles before there is an appreciable decrease in the
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reaction yield. Interestingly in most of the reductions studied, a minimal amount of 
solvent was required.
1. Filtration
2. Recycling
R
/THCO^
RliCl(PPhJ/DMSO
Substrate R R’ Product
Amounts (in mol 
equiv.) of
Yield (%)
H2 Donor 
182
Catalyst
204
MW" Thermal*’
214 Ph CO2H 215 4 0.06 95 80
216 Ph COzMe 217 4 0.06 90 75
218 Ph COzEt 219 4 0.06 80 62
224 Ph CHO 225 4 0.06 95 70
226 Ph COCH3 227 4 0.06 95 85
228 Ph C0N(CH3)2 229 4 0.06 95 70
230 Ph CN 231 4 0.06 95 95
232 Et CO2H 233 4 0.06 95 50
All microwave irradiations were performed at 100 Wfor 30 seconds.
 ^All thermal reactions were carried out at 70 °C fo r  3 hours in DMSO.
Table 4.1 Thermal and microwave assisted hydrogenation of electron-deficient alkenes using 
Amberlite supported formate and Wilkinson’s catalyst.
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4.5 Attempted Microwave assisted iV-Debenzylatioii using Amberlite Supported 
Formate Leading to iV-Formylation
Benzylic groups have been popularly employed for the protection of amines*®  ^ and N- 
benzyl derivatives have played a central role in organic synthesis. The benzyl moiety is 
offered commonly for hetereoatom protection due to its ease of introduction, inlierent 
stability and simple procedmes for removal, based on catalytic hydrogenation, catalytic 
transfer hydrogenation and other reducing reac t io n s .A l th o u g h  catalytic transfer 
hydrogenation is a more efficient deprotection procedure than catalytic hydrogenation, it 
has not been largely used as it must be caiiied out in high boiling solvents for relatively 
long times with potential damage of particular ly sensitive organic compounds.
This section summarises the attempts made to investigate the microwave assisted transfer 
hydrogenation for A-benzyl deprotection studied on A-benzylated substrates, leading to N- 
fonnylation. The study of A-debenzylation has been done using Amberlite supported 
foimate 182 used as a ti’ansfer hydrogenation source in presence of 10% Pd/C catalyst 
using monomode microwave inadiations.
Initially, 77-benzyl protected amine like 7/-benzyl-p-anisidine 240 was synthesised using a 
simple procedure, by refluxing a reaction mixture of p-anisidine 238 in acetonitrile for 12- 
18 hours using potassium carbonate as the base and 1 mol equivalents of benzyl bromide 
239 used as the benzyl protecting agent. Compound 240 was isolated as a white 
crystalline solid in 40% yield on purification with column cliromatogiaphy (silica, DCM) 
(see Scheme 96).
OMe OMe'S i rSii V1NH2 1NH
238 S h
240
SCHEME 96
Reagents and conditions: i) K2 CO3 , PhCH2Br 239, CH3 CN; ii) reflux, 12-18 hours.
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A  reaction mixture was prepared using compound 240, Amberlite supported fonnate 182 
(2 mol equiv.) and 10% Pd/C (0.025g) using DMSO (0.5-0.8 ml) as the solvent. On 
iiTadiation with microwaves at 100 W for 30 seconds, no evidence for 7V-debenzylation 
was obseiwed. The reaction was attempted by doubling the amount of polymer supported 
hydrogen donor (4-5 mol equiv.) and setting the irradiation scale to 80 W for 40 seconds. 
On completion of the reaction, a crystalline solid was isolated fi'om the mixture. NMR 
analysis showed the presence of a characteristic formamide proton at 8.39 ppm. IR 
analysis of the solid showed presence of a -C = 0  stietching at 1674 cm"\ This was 
characteristic o f a formamide carbonyl that resulted from the A^-fonnylation of the 
secondary amine in compound 240.
)Me )Me
NH
I Ph 241
240
SCHEME 97
Reagents and conditions: i) Amberlite supported formate 182, DMSO; ii) MW
The reaction was repeated at the same scale and maintaining the microwave iiTadiation 
scale in absence of Pd/C catalyst (see Scheme 97). In this attempt, the isolated product 
maintained a diagnostic caibonyl stietching at 1674 cm"\ The isolated compound (70- 
75% yield) was confirmed to be W-benzyl-W-foiinyl-p-anisidine 241 from its melting 
point, 44-46 °C, which was consistent with the literature data.*®^
This result made evident that the Amberlite supported fonnate 182 is able to foimylate 
amines and synthesise coiTesponding fonnamides. This result led to a further investigation 
on the application of Amberlite supported fomiate 182 in the synthesis of fonnamides 
using primaiy and secondary amines.
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4.6 Formamide Synthesis using Amberlite Supported Formate as Formylating Agent
Fomiaraides are an important class of inteimediates in organic synthesis. They have been 
widely used in the synthesis of phaiinaceutically important compounds such as 
fluoroquinolones, 'substi tuted aryl im id a z o le s ,n i t i o g e n  bridged heterocycles,'
1,2-dihydroquinolines,' ' etc. Chiral fonnamides have found application in the 
asymmetric allylation of aldehydes.""® They are useflil reagents in Vilsmeier formylation 
r e a c t i o n s . h i  addition, they have been used in the synthesis of fo r m a n i i d in e s a n d  
isocyanides.
Numerous methods'" are available for the synthesis of fonnamides by W-fonnylation of 
amines. Amongst many methods, use of annnonium formate as an efficient AAfbrmylating 
agent for secondaiy amines and anilines has been loiown."^ More recently microwave 
activation has been used with a great deal of success in several cases of amide synthesis 
by irradiation of amine-carboxylic mixtures. Synthesis of typical amides has been studied 
by the pyrolysis of the salts obtained instantaneously from mixtures of an amine and a 
carboxylic acid (see Scheme 98)."^
R C O ,H  +  R'NH„ ^  RCO v, +NH,R' ^  RCONHR'
241 242 243 _ 244
SCHEME 98
H2O
This section discusses our studies made to synthesise formaniides starting from primary 
and secondary amines using Amberlite supported formate 12 under microwave and 
thennal conditions.
HN H
II
245 246
SCHEME 99
Reagents and conditions: i) Amberlite supported fomiate 182, DMSO; ii) MW
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A reaction mixture was prepared using aniline 245 and polymer supported foimate 182 
(1.7 mol equiv) using minimum quantity of DMSO as the solvent. The mixture was 
irradiated with microwaves at 40 W for 60 seconds. After iiTadiation, the mixture had 
retained the umeacted starting material, which was shown by TLC analysis (silica, 50/50 
hexane/ethyl acetate) identifying distinct spots of the starting aniline with Rf value 0.36 
and the probable A-fomiylated product, fonnanilide 246 shown at Rf value 0.14. With this 
observation, the reaction mixture was prepaied using 5 mol equivalents of Amberlite 
supported formate 182 and was irradiated with a stronger incident power of 100 W for 
about 30 seconds. The reaction mixture indicated only one homogeneous spot on TLC 
analysis and produced virtually quantitative yields of the desired foimanilide 246. The 
compound developed a distinguished caibonyl stretching in tlie IR spectra obseiwed at 
1682 cm '\ coiTesponding to the foimamide carbonyl.
V -  aV
F ig u re  4 .2  Endo-exo is o m e r is m  in  fo i m a n ilid e
Fonnanilide 246 isolated after microwave irradiation showed endo and exo isomerism 
(see Figure 4.2) which was evident from the chemical shifts of the foimamide protons in 
the conesponding NMR. A large coupling constant (J  = 11.4 Hz) was obseiwed for the 
exo isomer (Ôh = 8 .6 8  ppm), in which the NH and CH protons aie trans to each other. A 
slightly broad peak for the endo isomer was shown at 8.37 ppm. This chaiacteristic 
obseiwation in compound 246 was consistent with the literature data.'^^“ Thermal 
comparisons were studied by perfoiming the reaction mider an identical scale and heating 
in an oil bath. Heating the reaction mixture for 3 hours at 70 °C, showed lowered yields 
(60%).
o
247 248
SC H E M E  100
Reagents and conditions: i) Amberlite supported formate 183, DMSO; ii) MW
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A^-Foiinylation was further studied by preparing a reaction mixture of benzylamine 247 
and Amberlite supported formate 182 (6-7 mol equiv.) in DMSO. On irradiation with 
microwaves at 100 W for 30 seconds (see Scheme 100), the mixture identified virtually 
quantitative yields of the desired 7V-benzyl formamide 248. Development of a 
homogeneous spot on TLC analysis (silica, 4:1 DCM/MeOH) with Rf value 0.63, differed 
from the starting material shown at Rf value of 0.85. A^-benzyl formamide 248 was 
identified by the development of a characteristic carbonyl stretching showir at 1667 cm“^ 
and a formamide proton signal obserwed at 8.28 ppm in the NMR (on comparison with 
data of an authentic sample).
NHj
'CH3
HN
CH3
250( T ‘ .249
SCHEME 101
Reagents and conditions: i) Amberlite supported formate 182, DMSO; ii) MW
Microwave irradiation (100 W 30 seconds) on a reaction mixtme of (±)-o:-methyl 
benzylamine 249 using 3-4 mol equivalents of the polymer supported formate 182 using 
DMSO as the solvent gave quantitative yields of the desired (±)-N-(o:-methyl- benzyl) 
formamide 250 (see Scheme 101). Development of a singlet at 8.11 ppm in the NMR 
characterised the formamide on comparison with the data of an authentic sample.
. i j TMeO ii MeO'
238 252
SCHEME 102
Reagents and conditions: i) Amberlite supported formate 182, DMSO; ii) MW
? ? N v ^H
O , j a YMeO MeO
Figure 4.3 Endo~exo isomerism in /^-substituted formaiiilide
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Synthesis of 4-niethoxy fonnanilide 252 has also been studied using the polymer 
supported formate 182 (4-5 mol equiv.) with 4-methoxy-aniline 238 (see Scheme 102). 
The presence of electron donating 4-methoxy substituent on the aniline helps in enliancing 
the nucleophilic character of the primary amine. The 4-methoxyfomianilide 252 is 
produced in good yields (80%) on irradiation with microwaves at lOOW for BOseconds 
using DMSO as the solvent. In case of ^ -substituted fonnanilides like compound 252, 
endo-exo isomerism (see Figure 4.2) was obseiwed which was char acterised by distinct -  
NHCH peaks of the two isomers. The exo isomer was shown as a doublet at 8.48 ppm (J=  
11.4 Hz) and the endo isomer was shown as a broad peak at 8.33 ppm. hr addition, a long 
range anisotropic effect of the carbonyl group showed the p-substituted methoxy 
resonances of the exo and endo separately at 3.80 and 3.79 ppm. This was consistent with 
the data shown in the l i t e r a t u r e . T h e r m a l  heating of the reaction mixture with 
identical scales on an oil bath for up to 4 hours at 70-75 °C produced lowered yields oîN - 
formylation product (60%).
253 254
SCHEME 103
Reagents and conditions: i) Amberlite supported formate 182, DMSO; ii) MW
W,W-Dibenzyl formamide 254 has been synthesised by UTadiating a reaction mixture of a 
secondary amine like dibenzyl amine 253 with Amberlite supported formate 182 (6-7 mol 
equiv.) in DMSO (see Scheme 103). The reaction mixture was inadiated at 100 W for 30 
seconds. Compound 254 was produced in very good yields (82%) and was characterised 
by the development of a carbonyl stretching in the IR spectrum shown at 1672 cm"’ and a 
singlet showing at 9.42 ppm in the 'H  NMR corresponding to the N-formamide proton. 
The formamide is bridged to two benzyl moieties in compound 254 respectively and is 
able to rotate freely about the N-C bond of the formamide. Prior to the formylation of 
compound 253, the methylene bridge protons of the dibenzyl group are shown as a singlet 
around 3.77 ppm in the ‘H NMR spectra and on generation of compound 254, two 
distinguished peaks are obserwed around 4.26 ppm and 4.41 ppm characterising the two 
distinct methylene bridge protons. Thermal comparison of the reaction on heating in an oil 
bath at 70 °C for 3-4 hours in DMSO gave nearly identical yields (80%).
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H (pHO
Y YH CHO
255 256
SCHEME 104
Reagents and conditions: i) Amberlite supported formate 183, DMSO; ii) MW
iV-Formylation of a secondary diamine like piperazine 255 was studied while maintaining
3-4 mol equiv of the Amberlite supported fomiate 182 and DMSO as the solvent. 
Microwave irradiation of the reaction mixture (100 W for 30 seconds) (see Scheme 104) 
gave piperazine dicaibaldehyde 256 in fairly good yields (60%). Confiimation of the 
formation of 256 was obtained by an independent synthesis. Authentic 256 was 
synthesised alternatively by refluxing the starting piperazine 255 with ethyl formate 257. 
Compound 256 with nonaxially syrmnetric substituents like formyl exhibited two forms. 
At room temperature, the ring protons in syn isomer exhibited a pair of singlets at 3.39 
ppm and 3.38 ppm and the anti isomer generated a pair of multiplets shown at 3.24 and 
3.43 ppm, which was consistent with the literature data.^ "^* Thennal comparison of the 
reaction by heating the components in an oil bath for 4 hours at 70-80 °C indicated the 
yields to lower less than 50%.
Y YH CHO
258 259
SCHEME 105
Reagents and conditions: i) Amberlite supported formate 182, DMSO; ii) MW
W-Formylation of the secondary amine fmiction in rnorpholine 258 led to the synthesis of
4-formyl rnorpholine 259 by microwave irradiation at 100 W for 30 seconds (see Scheme
105). The Amberlite supported formate 182 was utilised in a slight excess of 5-6 mol 
equivalents. The reaction led to fairly good yields (60%) of compound 259. The 
formation of compound 259 was confirmed by alternative route. Authentic 259 was 
synthesised by refluxing rnorpholine 258 with 3-4 rnol excess of ethyl formate 258. The
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reaction was also studied thermally (70-80 °C, 4 hours) using the polymer supported 
foimate and maintaining identical reaction scale which resulted in reduced yields (<50%),
HN H
SCHEME 106
Reagents and conditions: i) Amberlite supported fomiate 182, DMSO; ii) MW.
Microwave assisted W-formylation of 2,4-difluoroaniline 260 was studied (see Scheme
106). A reaction mixture was prepared using 260, 5-6 mol equivalents of the polymer 
supported formate 182 using DMSO (0.8 ml) as the solvent, hradiation of the sample at 
100 W for 30 seconds gave the desired 2,4-difluoroformanilide 262 in 67% yield after 
reaction. Compoimd 261 identified the development of a carbonyl stretching 
conesponding to the formamide at 1672 cm ' and also indicated the characteristic (- 
NHCH) peaks of the exo-isomer observed as a doublet at 8.54 ppm ( / =  11.4 Hz) and a 
broad singlet at 8.45 ppm for the endo isomer. The compound was also confirmed fi'om 
the mass spectrum indicating the M"*" ion corTesponding to 261 present in the matrix. 
Authentic 261 was also prepared via alternative method by refluxing 2,4-difluoroaniline 
260 in excess of ethyl formate 257 for over 12 hours.
W-Formylation of other primary amines like 2,5-di-tert-butyl aniline 262, 2-amino benzyl 
amine 263, 0-phenylene diamine 264, 3,4-diamino toluene 265 have been studied, but 
with less success. Microwave assisted A-formylation using the polymer supported formate 
182 done on these compounds only indicated the unreacted starting materials. This may be 
due to steric reasons or for electronic reasons. Most of the attempts made have not been 
productive and no progress in the reactions was observed.
hr summary, use of a polymer supported formate (Amberlite® IRA 938 supported 
formate) has beerr demonstrated for applications not only as a transfer hydrogenation 
source but also as a foimylating agent. Microwave assisted studies on aromatic primary 
amines like aniline 245, benzylamine 247, o:-metliylbenzylamine 249, p-anisidine 238
81
Chapter 4
have shown very high yields of the corresponding formaniides. hi case of benzylamine 
247, quantitative yields of the conesponding foimamide 248 required excess of the 
polymer supported formate 182 (6-7 mol equiv.). Formylation of an aromatic secondary 
amine, dibenzyl amine 253 required excess of the polymer supported fonnate 182 (6-7 
mol equiv.) and has shown quantitative yields of the conesponding fomiamide 254 under 
microwave conditions. In each case a theimal comparison was undertaken, which showed 
that in comparison to the classical thermal approach, microwave conditions have shown 
improvement in reaction yields and reduction of reaction times, hi particulai', substrates 
238 and 245 have shown diamatic improvement in reaction yields under microwave 
conditions. More significantly, use of an insoluble polymer supported foimylating agent 
has allowed easy removal of the reagent on completion of the reaction by simple filtration. 
Use of such reagents has allowed simplification of the reaction with high reproducibility.
1. Filtration
2. Recycling
NH DMSO R'
^CHO
Substrate
Amine Product
Polymer 
Supported 
Formate 
(in mol 
equiv.)
Yield (%)
R R’ MW“ Thermal*^
245 Ph H 246 5 90 60
247 PI1CH2 H 248 6-7 95 80
249 PI1CH3CH H 250 3-4 95 85
238 J5-CH3OC6H4 H 252 4-5 80 60
253 PI1CH2 PI1CH2 254 6-7 95 80
255 HN(CH2CH2)2 256 3-4 60 55
258 0(CH2CH2)2 259 5-6 60 <50
 ^All microwave irradiations were performed at 100 Wfor 30 seconds.
 ^All thermal reactions were carried out at 70-80 °C fo r  4 hours in DMSO.
Table 4.2 Thermal and microwave assisted formylation of primary and secondary amines 
using polymer supported formate as foi mylating agent
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4.7 Alumina Supported Formate for Hydrogenation of Alkenes^^^
Transfer hydrogenations are often mild and selective and are widely utilised. These 
methods employ a sacrificial hydrogen source such as an alcohol to deliver the reductant. 
Alternatively, use of a supported transfer hydrogen source for reduction of alkenes has 
been demonstrated earlier (see Section 4.5).
In this section, application of Alumina supported formate 189 will be discussed as a 
hydrogen donor for studying reduction of electron deficient alkenes like o^jS-unsaturated 
carbonyl compoimds. Development of a hydrogen donor supported on an inert, porous 
solid support as alumina has been discussed earlier (see chapter 3). Fonnic acid supported 
on basic alumina (AI2O3/HCOOH) 189 has been used as a transfer hydrogenation source. 
The formate loading was determined as 2 nmioFg.
O Q
Ph ^  OH jj Ph ^  OH 
214 215
SCHEM E 107
Reagents and conditions: i) Alumina supported formate 189, DMSO; ii) MW
Initially, reduction of an o,j3-unsaturated carboxylic acid like z^mna'-cirmamic 214 was 
studied by preparing its reaction rnixtme with Alumina supported hydrogen donor 189 (5 
mol equiv.) and Wilkinson’s catalyst 204 (0.06 mol equiv.) in DMSO. The reaction 
mixture was irradiated with microwaves at 100 W for 30 seconds (see Scheme 107). On 
completion, the reaction mixture was filtered, and on vacuum evaporation yielded the 
reduced product, hydrocinnamic acid 215, in quantitative yields. The interesting aspect of 
the reaction here is that, use of alumina support aids in purification at the end of the 
reaction by acting as a scavenger of Wilkinson’s catalyst, reducing the need for further 
purification. The hydr ocinnamic acid 215 was characterised by development of the o;/?- 
saturated methylene protons in the NMR spectrum, consistent with that of an authentic 
sample. On studying the reaction thermally, by heating on an oil bath at 70-80 “C gave 
comparatively low yields (80%) and the reaction mixtme was observed to retain the 
unr eacted star ting material.
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0  O
Ph ^  OMe JJ ' Ph OMe
216 217
SCHEME 108
Reagents and conditions: i) Alumina supported formate 189, DMSO; ii) MW
Reduction of o;j0-unsaturated carboxylic esters like ^ra/r.s-methyl cinnamate 216 and trans- 
ethyl cinnamate 218 have been investigated. A reaction mixture o f compound 216 with 
AI2 O3 /HCOOH 189 (5 mol equiv.) and Wilkinson’s catalyst 204 (0.03 mol equiv.) (see 
Scheme 108) was irradiated with microwaves at 100 W for 30 seconds. After irradiation, 
the reaction mixture gave 88-90% yields of the desired methyl hydrocinnamate 217. 
NMR showed the characteristic o;jS-saturated methylene protons as triplets at 2.61 ppm 
and 2.95 ppm which was consistent with that of an authentic sample. Thermal comparison 
of the reaction by heating in an oil bath at 70 °C for 3-4 hours identified lowered yields 
(75%).
o P
Ph OEt  Ph ^  OEtii218 219
SCHEME 109
Reagents and conditions: i) Alumina supported formate 189, DMSO; ii) MW.
Reduction of trans-Qihy\ cinnamate 218 with 5 mol equiv. AI2O3/HCOOH 189 and 0.06 
mol equiv Wilkinson’s catalyst 204 in DMSO (see Scheme 109) identified 70% yields of 
ethyl hydrocinnamate 219 on completion of the reaction. The cx,i(?-saturated methylene 
proton triplets observed at 2.63 ppm and 2.96 ppm were consistent with the data from an 
authentic sample. Thermal comparison of the reaction exhibited reduced yields (60%) 
after about 4 hours of heating at 70 ®C.
224 225
SCHEME 110
Reagents and conditions: i) Alumina supported fonnate 189, DMSO; ii) MW
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Reduction of ^ra«.s-cinnamaldehyde 224 was studied by irradiating (100 W for 30 
seconds) its reaction mixture with 5 mol equiv. Alumina suppoited hydrogen donor 189 
and Wilkinson’s catalyst 204 (0.06 mol equiv.) in DMSO, gave 60% yields of 
hydrocinnamaldehyde 225 (see Scheme 110). Attempts to improve the reaction yields by 
enhancing the quantities of the hydrogen donor were unsuccessful. On studying the 
reaction under thermal conditions, the yields was low (50%) and the reaction mixture 
retained the unreacted starting material even after 4 hours of heating in oil bath at 70 °C.
Pli CH3 .. ' Ph" ^  CH3
226 227
SCHEME 111
Reagents and conditions: i) Alumina supported formate 269, DMSO; ii) MW
Reduction of an a,jS-misaturated ketone like benzylidene ketone 226 was done studied 
using 5 mol equiv. of the hydrogen donor 189 and 0.06 mol equiv. of Wilkinson’s catalyst 
204 (see Scheme 111). Microwave irradiation of the reaction mixture at 100 W for 30 
seconds gave virtually quantitative yields o f the hydrogenated product, benzyl acetone 
227. The product was identified by ’H NMR indicating the development of the diagnostic 
0 !,j(3-saturated methylene proton triplets shown at 2.78 ppm and 2.87 ppm. hi comparison, 
the theimal reaction was done at 70°C for 4 hours in an oil bath and showed slightly lower 
yields (8 8 %).
Ph' ^  'NCCH,), — N(CH,)ii Ph 
228 229
SCHEME 112
Reagents and conditions: i) Alumina supported fomiate 189, DMSO; ii) MW
Quantitative yields of A,A-dimethyl hydrocimiamide 229 have been produced by 
microwave in*adiation (100 W for 30 seconds) of a reaction mixture of A,A-dimethyl 
cimiamide 228, alumina supported formate 189 (5 mol equiv.) with Willdnson’s catalyst 
204 (0.06 mol equiv) using DMSO (0.6 ml) as a solvent (see Scheme 112). The reduction 
product 229 was confimied with a mass spectrum indicating the characteristic M"*" ion in
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the matrix and also other spectral data were consistent with that of an authentic sample. 
The thermal reaction in comparison, delivered slightly lowered yields (70%) after 4 hours 
of heating using an oil bath at 70 °C.
Ph' ii
230
SCHEME 113
Reagents and conditions: i) Alumina supported formate 189, DMSO; ii) MW
Similarly, the hydrogenation of /ra«5 -cimiamonitrile 230 yielded >95% yields of o;i8 - 
saturated hydrocinnamonitrile 231. 4-5 mol equivalents of the alumina supported 
hydrogen donor 189 and 0.06 mol equivalents of the Wilkinson’s catalyst 204 was 
maintained in the reaction mixtme. Microwaves were made incident on the reaction 
mixture at 100 W for 30 seconds using DMSO as the solvent (see Scheme 113). Thermal 
comparison was studied by heating the reaction mixture in an oil bath at 70 °C, showed 
identical yields after 4 hours of heating.
11
232 233
SCHEME 114
Reagents and conditions: i) Alumina supported formate 189, DMSO; ii) MW
Microwave assisted reduction of an o;/3-unsaturated acid like ^ra7w-2 -pentenoic acid 232 
was studied by preparing its reaction mixture with a slight excess of the alumina 
supported formate 189 ( 8  mol equiv.) and the Wilkinson’s catalyst 204 (0.12 mol equiv). 
The mixture on iiTadiation at 100 W for 30 seconds gave 73% yield of trans-2-pentanoic 
acid 233 (see Scheme 78). Reduction of the olefinic system was characterised by 
development of multiplets observed at 1.54-2.26 ppm (comparison with the 'H  NMR 
spectnim data of an authentic sample). The reaction done thermally by heating the 
components in an oil bath at 70 °C for 3-4 hours showed lowered yields (50%).
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The application of the alumina supported formate has also been studied for hydrogenation 
of olefinic systems found in some sterically hindered systems as 1,4-diphenyl-1,3- 
butadiene 2 2 2 .
¥»Hc. He
.Ph
222
Pli
Hb Hd Hd 
223
SCHEME 115
Reagents and conditions: i) Alumina supported formate 189, DMSO; ii) MW
The reduction of 1,4-diphenyl-1,3-butadiene 222 was obserwed to work successfully under 
microwave conditions. This resulted in the preferential reduction of one of the olefinic 
system foimd in the 1,4-diphenyl-1,3-butadiene. Irradiating a reaction mixture of 222 with 
3-4 mol equivalents of the hydrogen donor 189 in presence of 0.06 mol equivalent of 
catalyst 204 showed only minor traces of 1,4-diphenyl-but-1 -ene 223. However, on 
increasing the hydrogen donor quantity to 6 - 8  mol equivalents and also the Wilkinson’s 
catalyst to 0.3-0.35 mol equivalents, microwave inadiation at 100 W for 30 seconds 
resulted in very good yields (80%) of product 223. The reduction of one of the olefinic 
bonds was characterised by peaks observed at 6.38 ppm consistent with the of one of 
the C-C double bond and development of multiplets at 6.30 (Hb), 2.79 (He) and 2.54 (Hd) 
ppm in the ^H NMR, consistent with that of an authentic sample.
Attempts to study the reductions of other unsaturated cornpomids like chalcone 268, a- 
pinene 237, mesityl oxide 266, ^rarr^y-stilbene 267 were less successful and indicated either 
very low or negligible yields of the reduction products.
hi sunmiary, the study has demonstrated that formic acid may be supported on alimiina 
and used as a transfer hydrogenation source for the selective reduction of a,j(3-unsaturated 
electron deficient alkenes using Wilkinson’s catalyst. In general, the alumina supported 
formate gives very high yields of redirction with sirbstrates containing an electron 
withdrawing substituent (R’, see table 4.3) in conjugation with the alkene. The reduction 
of an aliphatic o:,j8 -unsaturated electron deficient alkene 232 required excess of the 
hydrogen donor 189 ( 8  mol equiv.) and catalyst 204 (0.12 mol equiv.) for quantitative 
yields. Similarily, reduction of a conjugated diene 222 with high yields, required a large
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excess of the hydrogen donor ( 8  mol equiv.) and the catalyst (0.3 mol equiv.). More 
importantly microwave conditions have considerably reduced the reaction times. In 
comparison to the classical thermal approach, in most cases, the reaction yields have 
shown an improvement of 10-25% by application of microwave conditions. In particulai", 
there is a dramatic improvement in the yields of compounds 229 and 233. More 
significantly, use of an inorganic solid like alumina not only serves as a support for the 
hydrogen donor but has also simplified the purification procedure by acting as a 
scavenger for Willdnson’s catalyst at the end of the reaction.
AI2O3/HCOOH 1. Filtration & recycling2. Catalyst scavenging
R
RhCl(PPh,)
DMSO
Substrate R R’ Product
Amounts (in mol 
equiv.) of
Yield (%)
H2 Donor 
189
Catalyst
204
MW" Thermal*’
214 Ph CO2H 215 5 0.06 95 80
216 Ph COzMe 217 5 0.03 90 75
218 Ph COzEt 219 5 0.06 70 60
224 Ph CHO 225 5 0.06 60 50
226 Ph COCH3 227 5 0.06 95 80
228 Ph C0N(CH3)2 229 5 0.06 95 70
230 Ph CN 231 4-5 0.06 95 90
232 Et CO2H 233 8 0 .1 2 73 50
 ^All microwave irradiations were performed at 100 Wfor 30 seconds.
All thermal reactions were carried out at 70 °Cfor 3-4 hours in DMSO.
Table 4.3 Thermal and microwave assisted hydrogenation of electron-deficient alkenes using 
Amberlite supported formate and Wilkinson’s catalyst.
hi principle, Amberlite supported formate 182 and alumina supported formate 189 have 
served as much more efficient hydrogen donors than aminomethyl polystyrene supported 
hydrogen donor 176. Amberlite supported hydrogen donor 182 with relatively high 
loading of fonnate (2.5 mmol/g) and alumina supported hydrogen donor 189 (formate
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loading of 2  nmiol/g) give efficient reduction of o^jS-unsaturated electron deficient 
alkenes. In particular under microwave conditions, Amberlite supported fonnate 182 
serwed as a better hydrogen donor in comparison to alumina supported formate 189 and 
showed smooth reduction of o:,j(3-unsaturated carbonyl compounds like trans-Q^hyl 
cinnamate 218, /ra«5 -cirmarnaldehyde 224 with better yields. In addition, Amberlite 
supported fonnate 182 serwes as a better hydrogen donor in the microwave assisted 
reduction of an aliphatic ûîj/î-unsatur'ated carbonyl compound like trans-2-pentenoic acid 
232 giving higher yields (see tables 4.1 and 4.3).
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4.8 Formamide Synthesis using Alumina Supported Formate as Formylating Agent
The application of alumina supported fonnate as a hydrogen source in transfer 
hydrogenations has been demonstrated (see Section 4.7). Studies were further done to 
investigate the application of alumina supported fonnic acid in the formylation of piimai'y 
and secondary amines.
The A^-fonnylation of amines like benzylamine, aniline, (=t)-o;-methylbenzylamine, p- 
anisidine, 2,4-difluoroaniline and secondary amines like W, A-dibenzyl amine, piperazine 
and moipholine have been studied.
HN H
II
245 246
SCHEME 116
Reagents and conditions: i) alumina supported fomiate 189, DMSO; ii) MW
A reaction mixture was prepared using aniline 245, almnina supported formate 189 (3.5-4 
rnol equiv.) and using DMSO as the solvent and irradiated with microwaves at 100 W for 
30 seconds (see Scheme 80). On completion of the reaction, the mixture showed evidence 
of the formanilide 246 in the NMR. This was associated with some evidence of the 
urneacted starting aniline retained in the reaction mixture. The reaction was repeated by 
enliancing the quantity of the alumina supported formate to 6-7 mol equivalents. The 
reaction mixture was irradiated (100 W for 30 seconds) and on completion gave virtually 
quantitative yields of formanilide 246. The NMR of the isolated product did not retain 
any starting material. The product 246 identified two different signals of the -NHCH 
protons shown as a broad signal at 8.37 ppm {endo isomer) and another doublet at 8 .6 8  
ppm {J = 11.4 Hz) {exo isomer) were observed which was consistent with literature 
data.^^^“ On comparing the reaction by heating the reaction mixture at identical scale in an 
oil bath at 70 °C for 4 hours, the reaction mixture gave lowered yields (70%).
In contrast, use of ammonium formate as the formylating agent has been reported in the 
literature leading to quantitative yields of compound 246.^^  ^ This is, however, less
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competitive in time ( 1 0  hours) and requires reflux conditions using generous volumes of 
acetonitrile as a solvent. Use of a non-conventional method reported in literature 
involving the photodecomposition of N-phenyl glycine sensitised by pyrene gives very 
poor yields (5%) of compound 246.^^^  ^A facile reductive A-formylation of aromatic nitro 
c o m p o u n d s ^ h a s  been reported to generate fonnamides like foiinanilide 246 using 
ammonium formate. However, by this method the desired formamide is produced only 
after about 12-14 hours of heating aroimd 90-95 “C,
Q p . " ,
o
NH, i "'N HH
247 248
SCHEME 117
Reagents and conditions: i) alumina supported formate 189, DMSO; ii) MW
W-Fonnylation of iV-benzylamine 247 was studied by preparing its reaction mixture with 
alumina supported formate 189 (4 mol equiv.) using DMSO as the solvent. The reaction 
mixture was iiTadiated with microwaves at 100 W for 30 seconds (see Scheme 117). On 
completion of the reaction, quantitative yields of W-benzyl formamide 248 were obtained. 
The reaction mixture showed a homogeneous spot on the TLC analysis (silica, 4:1 
DCM/MeOH) with Rf value of 0.62. The IR spectrmn of compound 248 showed a 
characteristic carbonyl stretching coiTcsponding to the formamide at 1667 cm '\
Reports in the l i terature^describe the synthesis of compound 263 in 8 8 % yields using 
ammonium formate as the fonnylating agent using reflux conditions for 6  hours in 
acetonitrile. Incidentally, W-alkylation of benzylamine under microwave inadiations has 
been reported to occur in presence of formic acid.^'^^ The reaction has been done under 5 
minutes of microwave iiTadiation using cyclopentanone as the solvent. However, the 
reported yield of compound 248 produced in this way is poor (14%).
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HN"
250
ii
249
SCHEME 118
Reagents and conditions: i) alumina supported foimate 189, DMSO; 11) MW
Alumina supported foimate was further studied in A-Foimylatlon of a primary amine like 
(±)- a-methylbenzylamlne 249 by Irradiating its reaction mixture with 4-5 mol equiv of 
AI2O3/HCOOH 189 in DMSO. Microwave irradiation at 100 W for 30 seconds gave very 
good yields (80%) of the A-foiinylation product, (±)-a-methyl benzyl fomiamide 250. The 
reaction product was confirmed by the mass spectnmi indicating the presence of MH^ 
species. The NMR spectrum indicated the characteristic signal of the formamide 
proton at 8.05 ppm. Thermal comparison of the reaction showed slightly lowered yields 
(80%) after heating the reaction mixtuie for 3-4 hours at 70®C.
Alternatively, synthesis of 250 has been reported in the literature^ using ammonium 
foimate as the foimylating agent by heating its reaction mixture for 3 hours at 180-185 °C 
but in less competitive yields. Also, synthesis of corresponding formamide from 249 has 
been known using novel formylating agent like 2,2,2-trifluoroethyl formate. The 
reagent is applied in the A-foimylation of amines and leads to very high yields of the 
coiTesponding foimamide. However, this reagent requires longer reaction times to 
produce good yields.
NH; ^
i ToMeO ^  :: MeO'
251 252
SCHEME 119
Reagents and conditions: i) alumina supported fonnate 189, DMSO; ii) MW
Synthesis of 4-methoxyfoimanilide 251 has been achieved with relative ease using 
alumina supported hydrogen donor 189. Microwave iiTadiation (100 W for 30 seconds) of 
a reaction mixture with 4-methoxyaniline 251, alumina supported formate 189 (4 mol
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equiv.) in presence of DMSO as the solvent provided high yields (81%) of compound 252 
(see Scheme 119). The compound characterised two rotomers {exo and endo) in the 
NMR spectmm which was consistent with the literature data. Thermal comparison by 
heating the reaction mixture for 3-4 hours in an oil bath at 70 ”C showed reduced yields 
(55-60%). Attempts were also made by increasing the quantity of the alumina supported 
hydrogen donor 189 to 6 - 8  mol equiv. to study further improvement in the reaction and 
possibly lead to the synthesis of A,A-difoiinyl substituted ^-anisidine. Most of the 
attempts made with increased quantities of the hydrogen donor in the reaction mixture 
were rendered unsuccessful and the progi ess of the reaction was not evident fuiHier from 
compound 252.
CHO
253 254
SCHEME 120
Reagents and conditions: i) alumina supported formate 189, DMSO; ii) MW
Compound 254 was synthesised by irradiating a reaction mixtme of 253 using alumina 
supported formate 189 ( 6  mol equiv). The reaction mixture was irradiated with 
microwaves at 100 W for 30 seconds (see Scheme 120), gave product 254 in 88-90% 
yields. The W,A/-dibenzyl formamide 254 was characterised by the development of a 
diagnostic carbonyl stretching corresponding to the formamide shown in the IR spectrum 
at 1672 cm"'. The mass spectrum confinned compound 254 indicated by the presence of 
corresponding M'*' and MH^ ions in the matrix. Theimal comparison studied by heating the 
reaction mixture with identical reaction scale in an oil bath for 3-4 hours at 70 "C, showed 
lowering of the yields (85%).
H CHO
N N
H CHO
256 265
SCHEME 121
Reagents and conditions: i) alumina supported fonnate 189, DMSO; ii) MW
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W-Fomiylation of cyclic diamine like piperazine 255 was done by preparing its mixture 
with AI2O3/HCOOH 189 (6 - 8  mol equiv) using DMSO as the solvent. Microwave 
irradiations at 100 W for 30 seconds (see Scheme 121) on the reaction mixture gave 60- 
63% yields of 1,4-piperazine dicarbaldehyde 256. The confirmation of the formation of 
compound 256 was also done by an independent synthesis. Authentic 256 was synthesised 
by refluxing 255 with excess ethyl formate 257 for over 10-12 hours. On thermal 
comparison of the reaction at an identical scale, the reaction showed less than 60% yields 
after 4 hours of heating in oil bath at 70 ®C.
N Ijl
H CHO
258 259
SCHEME 122
Reagents and conditions: i) alumina supported formate 189, DMSO; ii) MW
W-Formylation of morpholine 257 led to the synthesis of 4-formyl moipholine 258 on
microwave hradiation of its reaction mixture prepared with 7-8 mol equiv. o f alumina
supported formate 189 using DMSO (0.6 m l) as the solvent. M icrow ave iiTadiations were
done at 100 W for 30 seconds (see Scheme 122) The reaction gave 60% yields and
compound 259 was characterised by the 'H  NMR showing the development of a
characteristic formamide proton singlet shown at 9.42 ppm. Compound 259 was
confirmed by comparing its spectral data with that of an authentic sample. Thermal
comparisons (70 “C for 4 horns) showed reduction in yields (<50%).
o
SCHEME 123
Reagents and conditions: i) alumina supported foimate 269, DMSO; ii) MW
2,4-difluoroformanilide 261 was synthesised by microwave irradiation of a reaction 
mixture of 2,4-difluoroaniline 260 with alumina supported formate 189 (6-7 mol equiv.)
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and DMSO as the solvent, hradiation of the reaction mixture at 100 W for 30 seconds 
gave 70% yield of compound 261 on completion of the reaction (see Scheme 123). 
Compomid 261 was confirmed by comparing its mass spectnmi predominantly identifying 
the corresponding M^ and MH^ ions which was consistent with the literature data.'^^ 
Thermal comparison on the other hand showed lowered yields (<60%) after 3-4 hours of 
heating in an oil bath at 70 ®C.
In summary, the application of alumina supported formate 189 (AI2O3/HCOOH) has been 
studied in A-formylation of simple primary and secondary amines. The studies have 
demonstrated that formic acid supported on formate can be utilised not only as a source 
for transfer hydrogenation but also serves as a formylating agent in the A-formylation of 
primary and secondary amines. Oiu* studies on microwave assisted formylation of primary 
aromatic amines like aniline 245, benzylamine 247, a-methylbenzyl amine 249 and p- 
anisidine 238 have shown very high yields of the corresponding formamides (see table 
4.4). Microwave assisted formylation of an aromatic secondary amine like dibenzyl amine 
253 shows quantitative yields of the corresponding formamide 254. In most substr ates, in 
comparison to the classical approach, microwave conditions have shown substantial 
improvement in the yields of the reaction. In particular, the formylation of aniline 245 and 
p-anisidine 252 have shown 20-25% improvement in the yields. No selectivity and special 
effects was observed and the high yield under microwave conditions is possibly due to 
thermal effects. Use of alumina supporled formate as a formylating agent is very 
convenient because use of such support is relatively cheap and easy to prepare and it 
could be easily removed on completion of the reaction by filtration. In this way, the 
reaction procedure is made simple and easy to operate.
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AI2 O3 /HCOOH
1. Filtration
2. Recycling
R
R'
H
DMSO
R.
R'
^NCHO
Substrate
Amine Product
Alumina 
Supported 
Formate 
(in mol 
equiv.)
Yield (%)
R R’ MW" Thermal^
245 Ph H 246 6-7 93 70
247 PhCHz H 248 4 95 85
249 PI1CH3CH H 250 4-5 85 80
238 P-CH3OC6H4 H 252 4 80 55
253 PhCH2 PI1CH2 254 6 95 80
255 HN(CH2CH2)2 256 6 - 8 60 55
258 0 (CH2CH2)2 259 7-8 60 <50
" All microwave irradiations were performed at 100 W for 30 seconds.
* All thermal reactions were carried out at 70 °C fo r  3-4 hours in DMSO.
Table 4.4 Thermal and microwave assisted formylation of primary and secondary amines 
using alumina supported formate as formylating agent.
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4.9 Attempted Microwave assisted Hydrogenation using PEG Derivatised Hydrogen 
Donor
Attempts were made to study hydrogenation of an a,/3-imsaturated alkene like trans- 
cimramic acid using the PEG derivatised hydrogen donor 187 (see section 3.2.3, chapter 
3). A reaction mixture was prepared using ^raw.y-cimiamic acid 214 (0.025g, 0.16 mmol), 
PEG derivatised hydrogen donor 187 (0.250 g, 0.1 mmol) and Wilkinson’s catalyst 204 
(0.005 g, 0.005 mmol) using DMSO as the solvent (0.4 ml). The reaction mixture was 
irradiated with microwaves (300 W for 10 seconds). The soluble polymer suppoif was 
reprecipitated by addition of diethyl ether and filtered. The organic fraction was separated 
and evaporated under reduced pressure. The isolated product was identified as a mixture 
of reduced hydrocinnamic acid 215 and the unreacted stai'ting material. The desired 
reduced product 215 was indicated in a low yield (<50%) by NMR analysis.
The loading capacity of PEG (8000) lies in the range of 1 to 0.1 mmol/g. The obtained 
loading value of formate adsorbed on the derivatised PEG is 0.4-0.6 mmol/g. The initial 
PEG derivatisation reaction showed difficulties and it was not possible to ascertain a 
complete derivatisation of the PEG support. It has been shown that the reaction works in 
principle however, the reaction conditions need to be improved and repeated by preparing 
a fully derivatised sample of PEG.
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5.0 Reduction of Ketones
The results discussed in chapter 4 have demonstrated the utility of transfer hydrogenation 
and supported hydrogen donors for efficient reduction of electron deficient alkenes in 
presence of a suitable catalyst. This method is equally important in the study of the 
reduction of ketones, which is a key transformation in organic synthesis.
The reduction of aldehydes and ketones usually involves use of unlike donors and 
a c c e p t o r s . F r o m  an eaidy date alcohols have been utilised as hydrogen donors. 
Hydrogen transfer reductions of aldehydes and ketones have been reported^ using 
low-boiling alcohols like PfOH, Pr"OH or EtOH. Some of them are thennolytic 
m e t h o d s ^ r e d u c i n g  ketones to coiTesponding alcohols at high temperatures in absence 
of catalysts and bases. Often use of a base is exploited for the promotion of reductions.
Enantioselective reduction of ketones for synthesis of conesponding alcohols in presence 
of suitable catalysts has been a vital organic tiansfbimation in the area of organic 
synthesis (see Scheme 124).^^^
DH..
% ( ' XC a ta li^ Rl Rs DH, = Hydrogen donor
269 1  ^270
SCHEME 124
A very commonly used reagent for transfer hydrogenation of ketones is propan-2-ol.^^^ 
Hydrogen donors like formic acid (generally used as an azeotrope with triethyl 
a m i n e ) h a v e  also found application. HCOiNa has been applied in selective reduction 
of carbonyl groups in aldehydes^^'*“ and in k e t o n e s . A m m o n i u m  foimate has been 
utilised as a hydrogen donor in presence of 10% Pd/C for the partial reduction of aromatic 
carbonyls.
Of equal importance is the catalyst’^ * in the reduction of ketones. Reduction of 
unfunctionalised ketones and enones^^^ '^  ^ have extensively utilised catalysts based on 
oxaborolidine structure. Often a high level of catalyst is required (10 mole%) and 
also borane is non-compatible with certain functional gi'oups, which somewhat limits its
98
Chapter 5
application. Enantioselective catalysts using various ligands like BESTAP and DuPHOS 
have afforded hydrogenation of fimctionalised ketones in very high 
enantioselectivities.*^^’
The mechanism for transfer hydrogenation of ketones using catalysts of main group 
e l emen t s invo lves  a direct hydrogen transfer which is similar to that of Meeiwein- 
Pondorf-Verley reductions. The hydrogen donor (Pr'OH) and hydrogen acceptor (ketone) 
are in close proximity to the metal centre (M), fonning a six membered cyclic tiansition 
state (see Figure 5.1).
\  MeMe
Figure 5.1 Six membered cyclic transition state 128
However, the transition metal complexes involves the formation of a metal hydride^ 
by the elimination of acetone from the cyclic intermediate, which fruther undergoes a 
hydride transfer with a co-ordinated ketone (see Figine 5.2).^^^
-Me,CO RlCOR^
H
271 272
Figure 5.2 Transfer hydrogenation by hydridic route
273
128
Catalysts fr om metals like iridium,rhodiiun,^^'*'^ samarium^ have also been studied 
for asymmetric transfer hydrogenation. Rutheniiun c a t a l y s t s , ' p a r t i c u l a r i y ,  
dichlorotris(triphenyl phosphine) ruthenium 276 has been useful in transfer 
hydrogenation of saturated and o:,/3-imsaturated ketones.
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5.1 Attempted Microwave assisted Transfer Hydrogenation of Ketones
In the present study, application of the polymer supported hydrogen donor 182 has been 
investigated for the reduction of ketones in presence of ruthenium catalysts. Microwave 
iiTadiation has been utilised for studying these reactions using the Smith creator® which 
operates at variable temperature and time of irradiation.
CHj
274 275
SCHEME 125
Reagents and conditions: i) Amberlite supported fonnate 182, RuCl(PPli3)3 276, DCM; ii) MW
Initially studies were performed on the reduction of ketones like acetophenone 274 by 
preparing its reaction mixture using polymer supported fonnate 182 (5 mole equiv.) and 
RuCl(PPh3)3 276 (2 mg) in dichloromethane (1 ml) (see Scheme 125). The reaction 
mixture was inadiated with microwaves by setting temperatm*e at 120 °C for 300 seconds. 
After irradiation, no product was obseiwed and only evidence for the imreacted starting 
material was obtained.
In a later attempt, the reaction mixture was prepared with the same scale by degassing and 
pmging with N2 and using freshly distilled dichloromethane. Microwave irradiations did 
not show any improvements and only identified the umeacted starting material at large. 
Increasing the quantity of the RuCl(PPh3)3 catalyst 276 fiom 2 mg to 5 mg showed no 
noticeable improvements in the reaction. On doubling the catalyst from 5 mg to 10 mg 
and degassing the reaction mixtui'e, iiTadiation at 120 ”C for 300 seconds showed less 
than 50% yields of the desired alcohol 275 in the NMR. This was indicated by the 
development of a characteristic doublet shown at 1.57 ppm corresponding to the (-CH3) 
and a quartet shown at 4.89 ppm coiTesponding to the proton at the reduced carbonyl 
group (-CHOH) (comparing the NMR spectmm with an authentic sample).
With a view to improve the reaction, the reaction mixture was prepared by maintaining 
the scale and using THF (1 ml) as the reaction solvent. Irradiation scale was changed by 
increasing the set temperature to 100 °C for 180 seconds. These changes did not show
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any noticeable improvements in the reaction and largely indicated the nmeacted stalling 
material. This obseivation was consistent even on changing the irradiation scale by 
reducing the set temperature to 80 °C and extending the time to 600 seconds.
In comparison, use of a conventional hydrogen donor, propan-2-ol 277 (1 ml) in presence 
of RuCl2(PPh3)3 276 showed efficient reduction of compoimd 274. The reaction mixture 
was completely degassed and purged with N2 . firadiation scale was set to 200 °C 
temperature for 60 seconds. This allowed virtually quantitative yields of the desired 
reduction product 275. Clearly, this study identified that imder microwave conditions, 
propan-2-ol 277 used as hydrogen donor favoured the reduction of compound 274. More 
significantly, use of an excess of the hydiogen donor and a preferable exclusion of 
moisture fiom the system was cmcial in leading the reaction to completion.
Equally important is the activity of the catalyst in the transfer hydrogenations. With a 
view to improve the reductions, use of another catalyst was envisaged for studying the 
transfer hydrogenation of ketones in presence of the polymer supported hydrogen donors. 
Ru(II) complexes, particularly the [RuCl2(arene) ]2  complexes have emerged useful in 
studying the asymmetric carbonyl reduction. One of the many widely studied catalysts 
is [RuCl2(p-cymene) ]2  catalyst 280.
The catalyst 280 was prepared by the literature procedure'"*^ starting from ruthenium 
chloride 278 (see Scheme 126).
R11CI3 + 2 C10H ,, I —  [RuCI^Cp-cyniene)]^
278 279 " 280
SCHEME 126 
Reagents and conditions: i) ethanol; ii) reflux.
Compound 280 was isolated in 72% yield on refluxing for 4 hours a reaction mixture of 
278 (2 g, 7.7 mmol) with R-a- phellandrene 279 (10 ml) in ethanol (100 ml). After reflux, 
the catalyst 280 was formed as red-brown crystalline particles settling in the bottom of the 
reaction flask after cooling and refrigerating the reaction mixture (see Scheme 126).
The catalyst synthesised was utilised in reduction by preparing a reaction mixture of 
acetophenone 274, polymer supported formate 182 (0.5 mol equiv.), Ru catalyst 280
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(2 mg) and dichloromethane (1 ml) as the solvent. The mixtme was iiTadiated with
microwaves at a set temperature of 90 °C for 60 seconds. On completion, the reaction
mixture identified only the unreacted stai'ting material. The reaction was attempted by 
extending the time of irradiation fiom 60 seconds to 300 seconds. This did not show any 
improvements in the reaction so did the increase in the amounts of catalyst from 2  mg to 
10 mg. Attempts were also made by increasing the set temperature values from 90-120 
°C. In most attempts the reaction mixture retained the mneacted starting material at large 
and did not give evidence of any progress.
The reaction was compared by using the conventional hydrogen donor like propan-2-ol in 
presence of catalyst 280. hradiation of reaction mixtures with microwaves at 90 °C fr om 
60 seconds to 300 seconds effected up to 50% reduction of acetophenone. The reduction 
of carbonyl groups in aldehydes like benzaldehyde 281 done using catalyst 280 in
propan-2 -ol was not successful and showed the um’eacted starting aldehyde after
iiTadiation at temperature 90-100 °C for 60-300 seconds.
In summary, the reduction of ketones like acetophenones using polymer supported 
formate 182 as the hydrogen donor was not successful under microwave conditions. 
Microwave assisted reductions studied using the conventional hydrogen donors like 
propan-2-ol (70-80 mol equiv.) did show efficient reduction. It is possible that insufficient 
availability of hydrogen from the solid tiansfer hydrogenation source 182 may be 
responsible for a lower success and yields of reduction. Most of the attempts using 
polymer supported hydrogen donor has been limited to 5-6 mol equivalents of the 
hydrogen donor in the reaction mixture. It is likely that in presence of organic solvents 
like dichloromethane, the polymer supported formate salt 182, is unable to ionise and 
remains as an ion pair. This may be held responsible in failure to obseive hydrogenation. 
In such reactions, moisture fr'ee conditions are necessary in achieving the required organic 
tiansfbimation. The presence of moistiue in the reaction mixtme may significantly reduce 
the activity of catalysts.
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5.2 Supported Reagents on Clay - Background
In chapters 3 and 4, the development and applications of novel polymer and inorganic 
supported reagents have been discussed. Use of an inorganic solid like alumina has been 
studied as a support for fonnic acid and applied in transfer hydiogenations. The synthetic 
organic chemistry involving the use of heterogeneous systems, particularly suppoiled 
catalysts and reagents is rather interesting and fast growing. Inorganic solids like alumina, 
silica and aluminosilicates (clays and zeolites) are some of the most widely employed 
supports.
In particular, clay minerals occurring abundantly in nature have been significantly 
exploited for catalytic applications. Because of their high surface area, sorptive and ion- 
exchange properties, the solid clays catalysts have been applied generally (a) as solid 
acids, (b) as bifunctional or ‘inert supports’ and (c) as fillers to give solid catalysts with 
required physical properties.
5.2.1 Clay Supported Reagents for Microwave assisted Oxidation of Alcohols
The oxidation of alcohols is one of the synthetically very useful transformations in 
organic synthesis and several methods are known. Use of clay supported potassium 
permanganate has been used for the oxidation of alcohols to the corTesponding carbonyl 
c o m p o u n d s . T h e  clay supported reagent is prepared by grinding the potassium 
permanganate with equal quantity of rnontmorillonite as a dry solid and reaction is 
performed by gentle warming and stirring with the reactant in dichloromethane. The 
reaction has been observed to work particularly well with secondary alcohols giving up to 
95% yields of the corresponding ketones. Allylic secondary alcohols have been observed 
to react extremely smoothly to give the 0!,/3-unsaturated ketones in up to 90% yields (see 
Scheme 127).
282 283
SCHEME 127
Reagents and conditions: i) KMnO^/bentonite, dichloromethane; ii) 45 °C, 20 hour s
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Unlike manganese dioxide oxidation, this method does not required prior activation of the 
reagent, making it more advantageous.
A novel class of multipurpose reagents temied as Clayfen 284 and Claycop 285, 
developed by Laszlo and co-workers have been prepaied by the respective impregnation 
of Fe(III) and Cu(II) nitiates onto K 10 montmorillonites.^'*^ Clayfen 284 has been 
effectively used as for the oxidation of secondary alcohols. The reaction is done by 
simply introducing Clayfen to a solution in hexane. A gentle evaporation of the solvent 
induces the reaction and the product is isolated by simple filti*ation of the spent reagent 
and evaporation of the solvent. The reaction works well in oxidation of benzylic alcohols 
and gives excellent yields with ai'omatic primary alcohols. However, it is known to show 
a complex mixture of products with aliphatic primary alcohols and consequently poor 
yields of the corresponding aldehydes.
Use of heavy metals and peracids have been common in oxidation but are detrimental to 
the environment. Interestingly, primary alcohols afford aldehyde under microwave 
conditions. The oxidation is assisted using 284 under solvent-free conditions (see Scheme 
128).'"^
R \ I RV> -0 H  > = 0R " R
298 299
R = H, CH2 CH3 , CgHjCHO 
SCHEME 128
Reagents and conditions: i) Clayfen 284; ii) MW, 15-20 seconds
Microwave assisted chemical oxidation of a variety of substrates using Claycop in the 
presence of hydrogen peroxide (substrate: claycop: H2O2) have been accomplished '^ '^* 
(see Scheme 129). This method requires no pH control adjustments and affords higher 
yields of the oxidised products relative to other processes using copper-based reagents. 
144a,b ygg ^ copper based stable oxidising agents like CUO2H (hydroperoxy Cu(II) 
compound) requires to be neutialised by KHCO3 to maintain pH~5, because it 
preparation involves the fonnation of an acid (see Eqn 5.1).
2 Cu(N0 3 ) 2  + H2O2 + 2 H2O  CUO2H + 4 HNO3 (Eqn 5.1)
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R" = C02H,CN 
SCHEME 129
Reagents and conditions: i )  Claycop/H202; ii) MW
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5.3 Attempted Microwave assisted Oxidation of Alcohol using Pd(OAc) 2  and Molecular 
Oxygen
Development of catalytic processes using aerobic conditions is important as they can 
offset the problems of using stoichiometiic amoimts of o x i d a n t s W i t h  regard to aerobic 
oxidation of alcohols to aldehydes and ketones, palladium complexes have been 
investigated, requiring the combined use of molecular oxygen and reoxidants. 
Pd(0 Ac)2 288 is a good catalyst to promote the oxidation of benzyl alcohol 289 in the 
presence of base under O2 atmosphere. Use of an organic base like pyridine has been 
most effective and the reaction proceeds in quantitative yields in presence of molecular* 
sieves (MSSA).’"^  ^Earlier studies report the aerobic oxidation of alcohols in tolueire to the 
corresporrding aldehydes arrd ketorres using a catalytic amouirt of a homogeneous catalyst 
like Pd(OAc)2 arrd pyridirre 290 under an oxygen a tm o s p h e r e /T h e  catalytic system 
proposes that a Pd(II)-OOH species is produced in situ orr reaction of a Pd(II)-H species 
with O2 (see Scheme 130).
Pd(0Ac)2 Py Py = Pyridine
r " S > <
.S^AcOH
O
Pd(II)-0
P d (II)-O O H Pd(II)-H
SCHEM E 130
A
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In the present study, the oxidation of benzyl alcohol 289 has been investigated imder 
microwave conditions. A mixture of benzyl alcohol 289 (0.23 imnol), Pd(0 Ac)2 288 
(0.0086 mmol) and pyridine 290 (0.0067 mmol) was prepared using toluene as the 
solvent (1 ml). To this mixture, oxygen was irrtroduced using a balloon. The mixtme was 
inadiated with microwaves at 40 W for 60 secorrds. The reaction mixture on work up 
iderrtified only the unreacted startiirg alcohol. Attempts irrade by increasing the incident 
power to 100 W for 20 seconds were not successflrl. hr another attempt, the reaction 
mixture was degassed several times and subsequently oxygen was introduced in the 
mixture before iiTadiatiorr. The nrixture was irradiated with 100 W at 30 seconds and gave 
evidences only of the starting alcohol, hr order to improve the reaction, the incident 
power was increased to 300 W for 10 seconds. However, this only resulted hr catalyst 
decornpositiorr
(Pd (II) to Pd (0)) which was irrdicated by the developrrrent of a black residue hr the 
reactiorr tube.
5.4 Pd(II) Hydrotalcite for Oxidation of Alcohols under Microwave Conditions
hr view of errviromnental arrd economical concerns, use of heterogeneous catalysts with 
propeifies such as easy harrdling, simple separation arrd reusability*"^® is desirable. A 
naturally occmring hydrotalcite (Mg^Al2(0 H)i^COs. 4 H2Ü) 291 possessing layered 
structure consists of positively charged layers arrd negatively charged coimter ions located 
in the irrterlayers has been exploited.*"*  ^ The application of hydrotalcites as a solid base 
catalyst in several r e a c t i o n s a n d  also some rrrodifred hydrotalcites used for aerobic 
oxidation of alcohols has beerr reported.*^**’’
A Pd (Il)-hydrotalcite 292 system was prepared through a literature procedure*^* for 
application in oxidatiorrs. Pd (II)-hydrotalcite (1.56 mmol g'* Pd) was prepared by mixing 
Pd(0 Ac)2 288 (0 .8  mmol), pyridine 290 (2.09 rmnol) arrd hydrotalcite (5 g) 291 in toluene 
(100 ml) at 80 °C for 1 hour, followed by frltratiorr, washhrg and drying lurder reduced 
pressure at room temperature.
In the preserrt study, the reusable Pd (II) hydr otalcite catalytic system has been applied for 
studying oxidation of alcohols. More importantly, the application of rrricrowave 
conditions has been irrvestigated for studying these reactions.
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Initially, the Pd (II) hydrotalcite 292 system prepared was investigated for oxidation of 
benzyl alcohol using molecular oxygen and toluene as the solvent. The thennal reaction 
was done using a literature procedure*^* and gave 71% yield of benzaldehyde on heating 
the reaction mixture for 2 hours at 80 °C.
The reaction was investigated under microwave conditions by preparing a reaction 
nrixtuT'e of Pd(II) hydrotalcite 292 (0.300 g), pyridirre 290 (2 rrrrriol) in toluene (1 ml) in a 
pyr ex glass reaction tube. The tube was closed with a cap equipped with a rubber septum 
to allow the release of airy excess pressure buildirrg in the system. Oxygen was introduced 
into the reactiorr tube usirrg a balloon arrd then the nrixtme was irradiated with 
microwaves at 60 °C for 30 secorrds. Benzyl alcohol 289 (0.4 mrrrol) diluted with tolueire 
(1 ml) was irrtroduced into the reaction tube. The reactiorr tube was further treated with 
oxygen usirrg a balloon. The reaction mixture was madiated with microwaves at 60 °C 
for 60 seconds. On cooling, a black residue was observed in the reaction mixture. This 
may be obseiwed due to the Pd catalyst decomposition (Pd (II) to Pd (0)). TLC analysis 
(diethyl ether, silica) indicated irrcornplete reactiorr. *H NMR arralysis of the worked up 
reaction rrrixture largely identified the unr eacted startirrg benzyl alcohol with only minor 
traces of the oxidised product, benzaldehyde 281.
In another attempt, the reaction was done by increasing the quantity of the catalyst in the 
mixture fi'om 2 rmnol to 5 rrrmol arrd maintaining the other reactiorr mixture cornporrents. 
In this case, the reaction identified a similar obseiwation, showiirg the degradation of the 
Pd catalyst. Pd (0) was made evident by the development of a grey black residue settling 
in the reaction tube after iri'adiation.
The oxidation of berrzyl alcohol under microwave corrditiorrs was rrot favoured due to the 
decomposition of the Pd catalyst. Essentially, a continuous presence of molecular oxygen 
atmosphere is vital during the reaction. However, under microwave conditions, an oxygen 
balloon camrot be maintained duriirg the iiradiatiorr. This may be held responsible for the 
degradatiorr of the catalyst, rendering the reaction unsuccessful. Use of a modified 
domestic microwave oven may well seiwe helpful in this case.
107
Chapter 5
5.5 Cycloadditions under Microwave Conditions - Background
Cycloadditions reactions are extremely important in the ar ea of organic synthesis. Under 
classical conditions, some of these reactions require long reaction times, high 
temperatures, and/or Lewis acid catalysts, resulting in partial arrd/or total decomposition 
of sensitive compounds. This is a significant problenr in the synthesis of many a 
synthetically importarrt compomrds. Microwave irradiation is an efficient methodology in 
cycloaddition reactiorr of compounds that are sensitive and/or have low reactivities, hr 
many cases, rroticeable accelerations arrd improvements hr yields and reaction corrditiorrs 
are observed. This methodology is helpflil hr some cases, to irrtroduce chemo-, regio-, or 
stereoselectivity in the cycloaddition reactiorrs.
Some of the very preliminary examples of microwave induced reactiorrs were 
cycloadditions arrd pericyclic reactiorrs performed under pressure (see Scheme 1 & 2, 
Chapter 1). The reactions showed substairtial reductions in reactiorr times (10 minutes) 
and yields (80%) under rrricrowave corrditions as opposed to the conventional heating 
involving 4 hours of reactiorr time yielding 67% of the cycloaddition product.*"* ’^ The 
orrly disadvantage observed in such approaches was the lurcontrolled rise in temperature 
and pressure due to microwave activatiorr. This was resolved by using appropriate higher 
boilirrg point solvents such as dimethyl forrnamide, chlorobenzerre, 1 ,2 -dichlorobenzerre 
and 1,2,4-trichlorobenzerre hr modified microwave o v e n s . S ev e ra l  reactions have been 
performed using this methodology, includirrg [4+2] and [2+2] cycloadditions. These gave 
sigrrificant reductions in reactiorr times and improvement in yields (see Scheme 131).
^ A r  H - -
f  IvT  ^   ^ \ \ -4-• '-N  ' N.
L c l  " \  \
294 295 296293
SCHEME 131
Reagents and conditions: i) Chlorobenzene, NMM; ii) MW
In marry cases of cycloaddition reactiorrs, Lewis acid catalysts have been used to produce 
good yields. Clay catalysts have been utilised in cycloaddition reactiorrs under solvent 
free microwave conditions, givirrg reduced reactiorr thrres with rro changes in the 
endo/exo ratios from those observed by classical heathrg*^^ (see Scheme 132).
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SCHEME 132
Reagents and conditions: i) K  10; ii) MW
-NPh
300
Under microwave conditions, 1,3-dipolar cycloaddition of aliphatic and aromatic nitrites 
with nitrones or nitrile oxides under solvent fi'ee conditions afford synthetically important 
heterocycles like oxadiazoles (see Scheme 133).'^^“ The yields have been obseiwed to be 
always higher as compared to those obtained under classical heating. The most significant 
differences have been achieved with the less reactive nitrites. Such an observation is in 
keeping with Lewis’s remark that “slower reacting systems tend to show a greater effect 
under microwave irradiation than faster reacting systems.
301
Ph-
.N - O
-COjEt
302
Ph
Ph
N.
303
P
COjEt
iN - 0
304 306
305
SCHEME 133
Reagents and conditions: i) neat; ii) MW
Under microwave irradiation conditions, a hetero-Diels-Alder cycloaddition reaction has 
been achieved in the presence of a heat sink like giaphite in place of any solvents. 
Microwave conditions allowed the work to be imdertaken at ambient pressure in an open 
reactor thus avoiding the formation of unwanted compounds by theimal decomposition of 
reagents or products (see Scheme 134).*^^
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SCHEME 134
Reagents and conditions: i) Graphite; ii) MW
Studies perfoimed under reflux in xylene or dibutyl ether in some specific cycloadditions 
(see Scheme 135)^^^“ have been observed to be faster under microwave conditions than 
when using classical heating methods. However, the influence of any specific microwave 
have not been determined in these cases.
O
+
312
11
310 311
SCHEME 135
Reagents and conditions: i) Xylene or dibutyl ether; ii) MW
The utility of microwaves is evident in improving numerous processes or in modifying 
the observed chemo-, regio- or stereoselectivity of a reaction. In contrast to conventional 
heating, a rapid heating rate in microwave heating is held responsible for the observed 
ef fec t s .Reac t ions  of acid chlorides 313 with Schiff bases 314 (see Scheme 136)^ ^® 
exhibit some differences in the selectivity of the cycloadditions, depending significantly 
on the order of addition of the reagents. Particularly, when the condensation is conducted 
by a "normal addition” sequence (i.e acid chloride last), only the cis-/3-lactam 316 is 
formed. However in the inverse case, when triethylarnine is introduced last, 30% cis and 
70% trans jS-lactams were obtained mider identical reaction conditions, hiterestingly, 
when the reaction was conducted in a microwave oven using chlorobenzene, the 
selectivity becomes pronounced with a 90:10 ratio of trans and cis jS-lactams formed 
irTespective of the order of addition.
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R"' = COCH3, Ph, R' =CHjAr, R" = Ar 
SCHEME 136
Reagents and conditions: i) NMM; ii) chlorobenzene, MW.
Cycloaddition reactions are important in the multistep synthesis of natural products 
because they aid the formation of cyclic compounds by simultaneous formation of C-C 
bonds and often with specific regio- and stereoselectivity.^^^ With shorter reaction times, 
microwave activation avoids the decomposition of reagents and products and prevents the 
polymerisation of the diene and the dienopliile, which is of significant importance in 
many organic synthesis including the synthesis of natural products. Synthesis of the 
bridged sesquiterpene longifolene 319 involves a key intramolecular cycloaddition of 
compound 317 for the construction of the bridged system (see Scheme 137).^^^  ^ Under 
conventional heating, the cycloaddition afforded only 10% of the product 318 after 24 
hours reflux in toluene and decomposition predominated at higher temperatures. 
Alternatively, heating in a sealed glass vessel in a modified microwave oven resulted in 
the adduct in 92% yields.
OR
•COjMe
317 318 319
R = SiMe2‘Bu
SCHEME 137
Reagents and conditions: i) Toluene; ii) MW
Microwave irradiation has also been applied in the stereoselective synthesis of tricyclic 
taxoid skeleton by an intiamolecular Diels-Alder approach in good y i e l d s ^ ( s e e  Scheme 
3, chapter 1).
hi contrast to the classical cyclisation reactions, cycloadditions have become synthetically 
more suitable for the construction of heterocyclic rings. More importantly, the use of
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microwave iiTadiations has been used increasingly to achieve difficult cycloadditions and 
to obtain temperature sensitive compounds. Cycloadditions have been commonly used to 
obtain /3-lactam derivatives. The synthesis of thienamycin side chain has been 
achieved using this methodology. 1,3-Dipolar cycloadditions have been used to 
produce heterocyclic five membered rings; microwave irradiations has been used to 
facilitate the cycloaddition to prepare the 1,3 dipole in situ, by elimination, theimal 
opening^ and thennally induced tautomérisation. The hetero-Diels-Alder reaction is 
one of the many important methods for the synthesis of 6 -membered heterocycles. An 
intramoleculai* hetero-Diels-Alder reaction of N-alkyl-2-cyano-1 -azadienes 320 is 
studied, hiterestingly, the cycloaddition reaction could be achieved under conventional 
heating successfully after overnight heating at 110 °C. However, it was found that 
microwave inadiation assisted in substantially reducing the reaction times to only 14 
minutes for the desired reaction (see Scheme 138).
Me
NC.
320
Me.
NC.
321
SCHEME 138
Reagents and conditions: i) MW
5.6 Cycloadditioii of Nitrones to Platinum bound Organonitriles
Many organic molecules are not sufficiently reactive in absence of activating agents like 
Lewis acid and activation of such organic molecules by coordination to a metal centie is 
used for achieving r e a c t i o n s . I n  this context, the activation of nitriles towards 
nucleophilic attack has been studied considerably. An important transformation of the 
organonitriles, involves the addition of electrophiles'^^'^ or n u c l e o p h i l e s t o  the C =N  
bond offering an attractive route for the creation of novel C-C, C-N and C-O bonds. One 
of the main problems encountered in reactions of nucleophilic addition is the insufficient 
electrophilic activation even by very strong electron-accepting groups R at RCN, e.g. 
CI3 CCN. These difficulties, however, can be overcome with the use of metal ions,^^^“ 
some times even in the low oxidation s t a t e s , a s  activators towards the nucleophilic 
attack. In particular, use of platinum complexes has proved to be useful substrates for 
this kind of transformations. This has beerr demonstrated by some of the recent
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s t u d i e s i n v o l v i n g  the [2+3] cycloaddition between coordinated nitiiles including 
acetonitrile and benzonitrile ligands in the highly reactive Pt complex and various 
nucleophilic nitrones. R e p o r t s d e s c r i b e  that reaction of N-methyl-C-phenyl nitione 
322 and neat benzonitrile requires rather harsh conditions (10 days, 110 °C) to give the 
coiTesponding 2-methyl-3,5-diphenyl-A'^-1,2,4-oxadiazoline 325 in moderate yields 
(57%). In contrast, the Pt (II) complex mediated cycloaddition with much milder reaction 
conditions gives 8 8 % yield (e.e. >70%) of 325 (see Scheme 139).
H Me
\ : = n4) pipi, ,H Ph,
Ph
322
'  ' •  —  —  -pr° V '“ , /
Me
325
324
O c
323 Ph
SCHEME 139
Reagents and Conditions: i) 56°C, 12 hours, dichloromethane; ii) ethane-1,2-diamine, H2O
5.6.1 Preparation of Platinum bound ^m/is-Cinnamonitrile Complex
Earlier studies have demonstr ated that the [2+3] cycloadditions of nitrones to metal co­
ordinated organonitriles leads to the synthesis of important heterocycles viz. A"*-1,2,4- 
oxadiazolines. Typically, the preparation of such heterocycles is highly restricted to the 
use of nitriles bearing a strongly electr*on withdrawing substituent (e.g. CCI3). However, 
this becomes feasible under very mild conditions with electron-rich nitriles like MeCN or 
PhCN when they are bound to Pt (IV) c e n t r e s . P t  (II) centre has been foimd to exhibit 
a slightly lesser extent of activation, leading to a selective tr ansfbnnation of coordinated 
PhCN but not MeCN.^^^ The conesponding platinum A"^ -1,2,4-oxadiazoline complexes 
have been obtained as air-stable compounds in high yields. The easy displacement of the 
newly formed ligands from both Pt (IV) and Pt (II) compounds, allows an easy method 
for the preparation of heterocycles with substitution pattenrs that were not previously 
accessible by organic methods.
The above study has demonstrated that cycloadditions are feasible using metal bound 
organonitriles. In the present case, the study has been extended by using an organonitrile
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like rmzM-cimiamomti'ile, with more than one site for possible cycloadition. Trans- 
cimiamonitrile co-ordinated with platinum complex (Pt(II)) has been prepared with a 
view to study the cycloaddition with nitrones.
H Phw
H
"V  “V "/  “ . yc
H3C"' \ z = C ^
/  \  327
PH H
SCHEME 140
Reagents and conditions: i) trans-ciimamoiiitrile (excess), 60°C, 1 week
The Pt(II)-cimiamonitrile complex 327 was prepared by heating cz5 /?ra77,y-PtCl2(MeCN)2 
complex 326 with excess ^ra/z^-ciimamonitiile 230 for a week at 60 °C. hi presence of 
excess of the compound 230, a ligand exchange takes place and the acetonitrile in 
complex 326 is replaced by a'-cinnamonitrile. Compound 230 has two possible co­
ordination centres viz. the nitrile and the olefin. However, the co-ordination is obseiwed to 
take place on the Pt(II) metal centre with the nitrile (-C ^N). The newly formed complex 
327 is obtained in 81% yield as light yellow solid precipitated firom the reaction mixture, 
by addition of diethyl ether (excess). The organic ligands in the co-ordination sphere of 
the transition metal are assumed to be in trans position to each other since the complex is 
very unpolar and shows a similar TLC characteristic as ?ra«5 -[PtCl2(PhCN)2]. A faint 
spot at a lower Rf value indicates that the corresponding cw-complex is foiined in a minor 
quantity only. The co-ordination of the nitrile end with the metal centre is confiimed by 
the IR analysis showing the characteristic - C s N  stretching shifted to 2276 cm'^ (as 
compared to fiee cinnamonitrile, 2210 cm'^) under the influence of the metal. This is 
observed alongside with the ?ra72.s-HC=CH stretching from the olefin characterised at 965 
cm '\ Additionally, the ^H NMR analysis gave evidence of tlie unco-ordinated olefinic 
protons of the ligand maintaining a ?ra/z,s-configuration, shown at 6.17 ppm and 7.69 ppm 
(J  = 16 Hz). The complex 327 consists of two possible sites at which an attack from the 
nitrones may be expected viz. the nitrile and the olefin.
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5.6.2 Microwave assisted Cycloadditiou of Nitrones to Free Cinnamonitrile
111 the present study, the influence of microwave irradiations is investigated for the 
cycloaddition of fi’ee and co-ordinated cimiamonitrile with nitrones.
hiitially cycloaddition between free ;^*u775-cimiamonitrile 230 and C-phenyl-iV-methyl 
nitrone 322 is examined (see Scheme 141). The nitrone 322 was synthesised in 35% yield 
tlu'ough a literature procedure, by refluxing an equiniolar mixtuie of N-methyl 
hydroxylamine hydrochloride 341 and benzaldehyde 281 in presence of sodimn carbonate 
in dichloromethane (20 ml) and methanol (5 ml) mixture.
230
Ph Me
H 322
Me (Hb) Me (Hb) Me(Hb) Me(Hb)
Hd
CN He ^
329 330 331
SCHEME 141
332
Reagents and conditions: i) MW
Ha M e(H b )
L >
H e /
339 Ph
In the unco-ordinated state, cycloaddition of 230 with 322 occms selectively across the 
electron deficient olefin. The cycloaddition across the olefin may be viewed to generate 
four possible major diastereoniers 329, 330 and 331, 332 of 2-methyl-3,5-dipheny- 
isoxazoline-4-carbonitrile and 2-methyl-3,5-diphenyl-5-carbonitrile respectively. And 
cycloaddition across the nitrile generates 2-methyl-3-phenyl-5-[(E)-phenylvinyl]-A'^-
1,2,4-oxadiazole 339. hiitially, the reaction was studied imder theimal conditions by 
heating an equiniolar reaction mixture of compounds 230 and 322 at 60 °C for over two 
days. The reaction did not indicate any signs of the cycloaddition to have progiessed.
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After maintaining heat for tlnee weeks, the reaction mixture developed signals which 
could be interpreted as conesponding to two possible isomers of cycloaddition products 
across the olefin. The reaction mixture showed up to 30% conversion in 1:1 ratio by 
NMR analysis.
With a view to accelerate the cycloaddition of compounds 230 and 322, the reaction was 
studied under microwave irradiations. A reaction mixture of ^/^azz^-cimiamonitiile 230 
(0.79 mmol) and the nitione 322 (0.79 mmol) was prepared using dichloromethane (1 ml) 
as the solvent. The mixture was subjected to microwave inadiation (100 °C for 1800 
seconds). After irradiation, the reaction mixtui'e largely retained the umeacted starting 
cinnamonitrile and the nitrone. This was associated with extremely low intense signals of 
the possible cycloaddition products. Isolation of the cycloaddition products was not 
possible due to poor yields.
In a later attempt, the reaction mixture was prepared without using any solvents. In the 
absence of solvents, the radiation is directly absorbed by the reagents, so the effect of the 
microwaves is more marked. However, on inadiation, the reaction mixtui'e of 227 and 
335 did not show any considerable improvement in the reaction, exhibiting only traces of 
the probable cycloaddition products as obsei'ved earlier and a large proportion of the 
unreacted starting materials retained.
The reaction was further attempted by irradiating a mixtuie of 230 (0.79 mmol) and 
excess of nitrone 322 (3 mmol) with minimal quantity of dichloromethane (G.3-0.4 ml) as 
the solvent. The mixture on iiTadiation (100 °C for 2 hours) gave a significant 
improvement in the cycloaddition reaction, wliich was indicated by signals of two 
possible isomers coiTesponding to cyclo addition across the olefin. The existence of two 
isomers was obseiwed by development of two distinct signals of the NMe (Hb) protons 
showing at 2.74 ppm and 2.75 ppm. The ^H NMR gave indication 30-35% conversion to 
the desired cycloaddition products. More significantly, in contrast with the thennal 
heating approach, microwave conditions showed a dramatic reduction in reaction times. 
The obsei'ved conversion was achieved in only 2 horns of reaction times as compared to 
tln ee weeks of thermal heating.
In the next stage, the pinification of the cmde cycloddition mixtme was essential for 
assigmnent of the two possible diastereomeric configurations. The two disastereoisomers
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were observed to have nearly coinciding R f  values (0.45 and 0.42). Purification by 
column chromatography (silica, DCM/hexane 4:1) gave two fractions conesponding to 
the two possible diastereoisomers, 2-methyl-3,5-diphenyl-isoxazoline-4-carbonitiile 329 
and 2-methyl-3,5-diphenyl-isoxazoline-4-carbonitrile 330 respectively. The assignment of 
the protons signals of the two observed diastereoisomers can be tabulated as under (see 
table 5.3).
Protons
Chemical shifts (ppm)
Diastereomer 1 Diastereomer 2
N(Me) (Hb) 2.75 (s, IH) 2.74 (s, IH)
0-C-Hd 5.41, (d, J  = 6.5 Hz, IH) 5.33 (d, J = 7 . 5  Hz, IH)
C-Hc 3.43(dd, J  = 7 Hz and 9.5Hz,lH) 3.56 (dd, / =  7 Hz and 9 Hz,lH)
N-C-Ha 3.98 ( d , / = 9 H z ,  IH) 3 . 92 (d , /=9Hz ,  IH)
Ai'omatics
7.34 (m, IH),
7.41 ( t , / = 7 . 5 Hz ,  2H), 
7.51 (d, J = 7 H z ,  2H), 
7.39-7.36 (m, 5H)
7.48-7.38 (m, lOH)
Table 5.3 ‘H assignment for the two possible diastereoisomers
IR analysis of the two isolated diastereoisomers maintained a characteristic nitrile (C =N) 
stretching at 2245 cnf^ which suggested that the cycloaddition had occuned across the 
0 !,|3-unsaturated olefinic bonds. Analysis of the individual compounds by NOESY with a 
mixing time of 1 second was consistent with diastereoisomers 329 rac-{3R, 4S, 5S) and 
330 rac-(3S, 4S, 5S) of 2-methyl-3,5-diphenyl-isoxazoline-4-carbonitrile (see Scheme 
141). Compound 330 consisting of Ha proton showed a strong NOE with one of the 
phenyl ring which is in close proximity (P h a ). This was in conjunction with He protons 
showing a NOE peak with the proton Ha indicating a cw-configuration between them. 
The Hd proton obseiwed at a higher chemical shift in compound 330 showed a NOE peak 
with the proximal phenyl ring (P h y )  but not with proton He. On the other hand compound 
329 was characterised by NOE peaks indicating that proton He maintained a cis- 
configuration with the two phenyl ring (P h a  &  P h b ). hi addition, NOE’s for the proximal
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phenyl rings Pha and Phb were observed with protons Ha and Hd respectively but no NOE 
was observed between protons Ha and He or Hd and He.
5.6.3 Cycloadditioii of C-Phenyl-N-methyl Nitrone with Pt(II) bound t r a n s -  
Cinnamonitrile
Experiments using the co-ordinated nitrile 327 were then studied. A mixture of 327 
( 0 . 0 4 7  mmol) and the nitrone 322 ( 5  mole equiv.) using dichloromethane as the solvent 
(1 .8 - 2  ml) was prepared and irradiated with microwaves by setting the temperature to 1 0 0  
°C for 3 0 0  seconds (see Scheme 1 4 2 ) .  The light yellow solution after inadiation becomes 
a homogeneous light orange solution. The mixture gave a yellow orange oily residue on 
removal of the solvent and was analysed by TLC analysis (DCM, silica) which indicated 
a spot with R f  values 0 , 5 8 1  corresponding to the cycloadducts and a baseline spot 
conesponding to the umeacted highly polai* nitrone 322 retained in the mixture.
H Ph\  /  D U  Ha MeHb
.K '. ' .y, ■ V i’ f t
SCHEME 142
Reagents and conditions: i) dichloromethane; ii) MW, 100°C for 300 seconds.
Interestingly, the ^H NMR analysis of the cmde mixture indicated the cycloaddition to 
have occuned preferentially across only one of the nitrile in the ligated complex. This 
was shown by the development of a singlet at 3 . 0 0  ppm corresponding to the NCH3 
protons (Hb) in the heterocycle. The chemical shift of this peak clearly differed from the 
conesponding singlet obsei'ved in an unreacted nitrone observed at 3 . 8 8  ppm. Also, there 
is a development of peak at 5 . 9 5  ppm conesponding to the N-CH-N (Hd) protons in the 
oxadiazoline ring. The olefinic protons (He) on the heterocyclic side are observed at 7 . 4 9  
ppm and 7 . 6 4  ppm, differing from the olefinic protons (Hd) of the unreacted ligand side 
shown at 6 . 0 3  ppm and 7 . 5 4  ppm. It is noted that the olefinic protons He and Hd 
maintained their ^ru775-configiu'ation after irradiation, which is observed by retention of 
large coupling constants ( /  = 1 6  Hz). Compound 333 obtained in this way was not
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completely pure and contained a significant amount of the unieacted starting nitrone. 
NMR of the cmde product 333 also showed the presence of some free cinnamonitrile 
which may have been released from complex 327. Some traces of benzaldehyde were also 
obsei'ved which may have developed by possible hydrolysis of the nitione due to some 
moisture retained in the reaction system. These organic impurities can be easily removed 
from the reaction mixture by washing the crude product with diethyl ether. The pure 
product 333 is obtained as a light yellow solid, purified by column cluomatograpy (DCM, 
silica). The highly polai' unreacted nitrone 322 remains on the column and compound 333 
is eluted preferentially. IR analysis of the compound 333 maintained a diagnostic C=N 
stretching of the oxadiazole ring at 1642 cm '\ characterised a free cinnamonitrile with a 
C s N  stretching at 2270 cm'^ and the free olefins (trajîs-RC=C}i-) at 967 cm"\ The 
elemental analysis of the compound was consistent with the required composition. 
Compound 333 was further confiimed by its mass spectiTim characterising 682 [M+Na]" ,^ 
623 [M-Cl]"" and 588 [M-2C1]’ ions.
This attempt has made evident that co-ordination of the ligand 230 with a strongly 
election withdrawing Pt (II) metal centre, is responsible for the observed nucleophilic 
attack of the nitrone across the nitrile. The metal co-ordination makes the nitrile a much 
stronger electrophilic site even in presence to the election deficient oi,jS-unsaturated 
olefinic system in the same ligand. In contrast to the metal fr ee reaction, the cyclo addition 
occurs exclusively across the C sN . More significantly, under the influence of microwave 
inadiation, selective mono cycloaddition can be achieved in substantially reduced time.
In a later experiment, with a view to optimising the stoichiometry, the reaction mixture 
was prepared using equimolar quantities of compound 322 and 327. hi doing so, fruther 
purification of the final product could be avoided. The cyclo addition was effected by 
irradiating the mixture with microwaves at 100 °C for 1200 seconds. The reaction 
predominantly gave compound 333, precipitating out by washing the crude product with 
diethyl ether and decanting the solvent. Compound 333 was obtained in 35-40% yield.
The cycloaddition was also attempted by maintaining an excess (4-5 mole equiv.) of the 
nitrone 332 in the reaction mixture with compoimd 327 and extending the time of 
microwave inadiation. Use of an excess of nitione with extended inadiation time is 
aimed to study cyclo addition across the other possible sites of attack in compound 327 i.e. 
the second C =N  and/or the C=C group. Dichloromethane (2 ml) was used as a solvent.
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The reaction mixture was inadiated with microwaves at 100 °C for 7200 seconds. After 
irradiation the light yellow solution turned in to a light orange homogeneous solution. The 
cnide product was isolated by removal of the solvent as a reddish orange oily residue. 
NMR analysis of the crude product showed a singlet developed at 2.96 ppm 
corresponding to the NMe (Hb) protons, two singlets at 5.89 ppm and 5.98 ppm 
corresponding to the two possible diastereomeric N-CH-N (Ha) protons. The ^H NMR 
suggested a 1:1 mixture of the two diasteromers in the mixtme. This indicated that the 
cycloaddition may have occuiTed across both the nitrile functions of the ligated complex 
327. Initially, the olefinic protons (He) were not evident in the 'H NMR. The unreacted 
olefinic carbons (-CH=) for the two possible diastereoisomers were identified in ^^ C 
NMR at 111.2, 111.3 ppm and 144.7, 144.8 ppm. These signals conelated with the 
corresponding broad proton signals in HMQC analysis at 7.58 ppm, 7.40 ppm and 7.55 
ppm, 7.50 ppm respectively which were assigned to the olefinic protons (He). IR analysis 
of the compound 334 showed no evidence of any fiee C =  N and maintained a C=N 
stretching for the oxadiazole ring at 1639 cm"\ hi addition, the olefinic protons 
maintained a ^ra/z^-configuration, shown at 967 cm"\ The compound 334 was fmther 
confirmed by its mass spectrum, identifying 817 [M+Na]\ 723 [M-2C1]'*’ions. The cmde 
product retained the umeacted nitrone which was separated and the pure bis cycloaddition 
product 334 was isolated by column cluomatogiaphy (DCM, Silica) in 27-30% yield.
Ha Me Hb Ph Pb /  /I Y — N..He j" \
y /
Hc-^  .N^XXY\  I  H . /  
N— I
/  \  Pl> PhHb Me Ha
334
Theimal studies on cycloaddition of the nitrone 332 (4-5 mole equiv.) with the complex 
327 were done by heating the reaction mixtme at 45-50 °C. The mixtme was monitored 
for progi ess by 'H NMR analysis. After overnight heating, a mixtme of mono 333 and bis 
cycloaddition 334 products is evident and the reaction mixture retained some unreacted 
nitrone. This is made evident by the presence of two distinguished singlets at 5.89 ppm 
and 5.98 ppm of N-CH-N (Ha) conesponding to the two diasteromers of the bis
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cycloaddition product 334. After heating for 4 days, the reaction mixture predominantly 
identified the bis cyclo addition product 334.
5.6.4 Preparation of Pd bound fm/zs-Cinnamonitrile Complex
Studies on heterocycle synthesis on transition metal boimd organonitrile complexes was 
extended by preparing a ^raw^'-cinnamonitrile complex of Pd(II). The Pd(II)- 
cinnamonitrile complex was prepared by heatmg a suspension of PdCl2 in trans- 
ciimamonitiile at 60 °C for two weeks. The dark PdCl2 335 completely dissolves and 
thereafter on addition of diethyl ether, the Pd(II)-cinnamoniti*ile complex 336 was isolated 
as orange solid after filtration and drying in air.
H PhX<
335 H>-</  \  336Ph H
SCHEME 143
Reagents and conditions: i) ^ruzzj-cinnamonitrile (excess) 230, ii) 60 °C for 2 weeks.
The co-ordination of the Pd (II) metal centr e with the nitrile of the ligand was observed in 
the IR analysis showing the nitrile (-C =N) stretching at 2276 crn '\ the olefinic protons in 
brawls’-configuration were shown at 965 cm '\ The NMR analysis identified the olefinic 
protons of the ligand at 6.03 ppm and 7.66 ppm, maintaining their r^fl7î.s-configuration 
(y = 16 Hz), hi case of the Pd complex, the release of the ligand is much faster which was 
made evident by the fi'ee chmarnonitrile observed in the *H NMR solution.
5.6.5 Cycloadditioii of C-Plienyl-V-methyl Nitrone with Pd(II) bound t r a n s -  
Cinnamonitrile Complex and Displacement of the Oxadiazole from the Palladium 
Complex
The synthesis of palladimn bound oxadiazoline heterocycle was studied by cycloaddition 
of C-phenyl-A-methyl nitrone 322 with Pd(II)-cinnamonitrile complex 336. The 
synthesis was done by heating a suspension of Pd(II)-cirmamonitrile complex with C- 
phenyl-A-rnethyl nitrone (1:2 molar ratio). Pd(II)-cinnamonitr"ile readily releases the
121
Chapter 5
ligand and therefore the reaction was heated in ^ra/i^'-cinnamonitrile 230. After overnight 
heating at 60°C a clear orange solution was formed and the desired cycloaddition product 
was precipitated with diethyl ether as a pale yellow powder by filtration and dried in air.
H Ph\  /  Ha Me Hbr»>/ " _  "XSA>
V  / .  K  ■ OH
SCHEME 144
Reagents and conditions: i) Zra/75-cinnamoniti'ile; ii) 60°C, overnight.
Cyclo addition was observed to occrn exclusively across the nitrile group on the Pd boimd 
ligand. This was made evident in the conesponding NMR of the product 337 showing 
the development of singlets at 2.94 ppm of -NMe (Hb) protons and at 5.83 ppm of N-CH- 
N (Ha) protons. The umeacted olefinic protons (He) maintained their z^ra/z^-configm'ation 
and were observed at 7.46 ppm and 7.68 ppm. The IR analysis gave evidence of the -  
C=N stretching at 1647 crn'  ^ in the heterocycle. In addition, the CHN analysis was 
consistent with the desired product.
Ph f  r  Ha
c-C V — /  P h f \  JT'xS'^  V
< " /  " . A - »
Ph
N  C/  \ a  kMe H qqg337
SCHEME 145
Reagents and conditions: i) aq. MeNHg 338; ii) 50°C, 10 minutes.
Pd complexes facilitate an easy release of the heterocycle produced after cycloaddition. 
The displacement of the 2-methyl-3-phenyl-5-[(^)-phenylvinyl]- 1,2,4-oxadiazole 339
synthesised on the Pd(II) complex was done by simply adding an excess of an aqueous
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solution of methyl amine to a reaction mixture of Pd(II) heterocycle complex 337 in 
chloroform. After 10 minutes of stirring at 50°C, the desired heterocycle 339 was isolated 
as colourless oil by removing the organic phase and filtering the reaction mixture through 
a plug of silica. The cornpomid solidified upon standing.
Compound 339 obtained by cycloaddition across the nitrile is an isomer to compounds 
329 and 330 obtained by cyclo addition across the olefin. The diagnostic NMR of the 
heterocycle 339 identified Hb and Ha protons shown as singlets at 2.94 ppm and 5.68 
ppm respectively. The unreacted o^jS-imsaturated methylene protons (He) were observed 
as doublets at 6.71 ppm and 7.45 ppm correspondingly. IR spectrum of the compound 
rnairrtained a diagnostic -C=N stretching at 1672 crn“^ and the ?ra7î5 -HC=CH stretching at 
967 crn-\
Thus this study has demorrstrated that rrricrowave irradiation can be applied to heterocycle 
synthesis on organonitriles bound on Pt(II) centres. More importantly, it has made evident 
that the cycloaddition hr the case of Pt(II) bourrd ligands with two electrophilic sites like 
?ru«5'-ciniiamonitrile occurs selectively across the nitrile group. Microwave irradiations 
have favoured the selective synthesis of rnorro cyclo addition complex 333 and carr be 
easily isolated. Irr contrast, the corrverrtiorial heating is orrly able to give a mixture of 
cycloaddition products. Microwave in'adiation has also favoured the synthesis of Pt(II) 
bound heterocycles by bis cyclo addition, complex 334. hr contrast with the conventional 
heating irrvolve substantially reduced reaction times and the heterocyclic complex 334 
carr be isolated easily. The Pt(II) bound orgarronitrile 327 produces a highly polar 
trarrsition state or intermediate with the rritrorre, thus, monocycloadditiorr becomes ahrrost 
exclusive under microwave corrditiorrs. hr addition, the thermal syrrthesis of Pd(II) bourrd 
oxadiazoline 337 is possible. Use of this methodology for heterocycle synthesis is 
preferred because displacerrrent of the corresporrdirrg heterocycle frorrr Pd(II) rrretal centre 
facilitates an easy release of the heterocycle and irr less time.
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6.0 Conclusions and Future Work
To conclude with, the present study has broadly demonstrated the application of 
microwave inadiation in organic synthesis. In particular, the study has provided examples 
of the advantages of microwave heating over the classical heating approach.
The development and use of novel polymer and inorganic solid supported reagents has 
been illustrated for application in some important organic syntheses. Use of Novel 
Polymer and Inorganic Solid Supported Formates has been successfully applied as 
Transfer Hydrogenation Source and Formylating Agents in the synthesis of 
fomiamides.
In general, the microwave assisted reduction of electron deficient alkenes has shown 
higher yields and less reaction time as compared to the thermal approach. This is possibly 
due to thermal effects imder microwave conditions and no evidence of any specific 
microwave effect was obsei'ved. Synthesis of foimamides using primary amines has been 
more successful as compared to the secondary amines. In comparison with the control 
reactions, higher yields were observed under microwave conditions possibly due to 
formation of a highly polar transition state. The reproducibility of the reaction is high 
under microwaves and there is a significant reduction in reaction times and improved 
yields.
Use of insoluble supported foimates has demonstrated a means of simplifying reaction 
procedures. The supported formates can be easily removed on completion of the reaction 
by simple filtration and can be utilised in further reaction cycles upon reloading with 
formate. Use of supported formates has reduced the hazards of the conventional hydrogen 
donors like H2 gas, ammonium formate. In particular, this has been helpful in overcoming 
the disadvantages of sublimation and release of toxic residue such as NH3 . Moreover, use 
of solid supported reagents (AI2 O3 /HCOOH) has also aided in the purification procedures 
by acting as a Scavenger for Wilikiiisoii’s catalyst.
In this study, microwave irradiation has also benefited cyclo addition reactions leading to 
the synthesis of some important heterocyclic systems. Synthesis of A"*-1,2,4-oxadiazoline 
heterocyclic systems on Pt(II) boimd nitrile ligands has been achieved under microwave
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iiTadiations w ith substantial reduction in reaction times. Selective cycloadditions have 
only been achieved by  optim ising the incident m icrowave irradiations.
In summary, use of this methodology benefits significantly in achieving a variety of 
organic syntheses. More importantly, the technique provides a clean and efficient route to 
heterocyclic compounds.
In future the application of microwave iiTadiation will be investigated for studying many 
other avenues of organic synthesis.
• In view of the successflil application of polymer and inorganic solid supported 
foimates as effective hydrogen sources, their application as transfer hydrogenation 
sources will be investigated in microwave assisted transfer hydrogenation of sterically 
hindered steroidal structures like ergosterol, prognenolone acetate and substrates like 
4-phenyl-but-1 -ene, mesityl oxide, terpenes like a-pinene, mainly involving the use of 
Wilkinson’s catalyst.
• Use of supported foimates will be investigated in studying microwave assisted 
dechlorination reactions and reduction of aiomatic nitro compounds to amines.
• The application of supported formates in studying the microwave assisted N- 
foimylation of amino acids like j8 -alanine, L-proline will be of interest.
• The Wilkinson’s catalyst sequestered/scavenged on completion of the reductions 
(Section 4.7) will be applied in other transfer hydrogenations and its activity will be 
investigated as a catalyst immobilised on an inorganic support.
• The study on development of a transfer hydrogenation source supported on soluble 
polyethylene glycols gave difficulties to prepare a flilly derivatised PEG derivative. 
This work needs to be repeated to prépaie a fully derivatised sample of the PEG 
support and applying as a transfer hydrogenation soiuce.
• Development of acetic acid (HOAc) supported on a quaitemary ammonium 
functionalised insoluble polymer will be investigated by ion-exchange. The 
application of such supported reagents will be of interest in microwave assisted 
synthesis of acetamides starting fi'om amines.
• Development of a novel polymer supported phosphinic acid (H3 PO2 ) will be studied 
and its application as a transfer hydrogenation source under microwave conditions 
will be of interest.
• Microwave assisted cycloadditions of metal coordinated organonitiiles and nitrones 
for heterocycle synthesis will be studied further. The study would involve use of
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Pt(II), Pt(rV) and Pd(II) metal centi'es and different dipolar reagents for synthesising 
heterocycles of different substitution patterns.
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EXPERIMENTAL
All microwave assisted experimental work described was conducted on Lab well 10 
microwave reactor and Smithcreator® (see Figures 1.8). Reaction mixtures were prepared 
in pyi'ex glass tubes equipped with pressure release caps and tubes were introduced in the 
cavity of microwave reactors for irradiation. The Lab well 10 microwave reactor operates 
at variable power (in watts) and times of inadiation (in seconds). The Smith creator 
operates at variable temperatures (in °C) and times of irradiation (in seconds). All melting 
points were recorded on the Kofler melting point apparatus. and ^^ ^Pt NMR
experiments were acquired on Bruker DRX 500 and Bniker AMX 300 spectrometers 
using CDCI3  as the solvent unless otherwise stated. All ’H NMR chemical shifts are 
quoted in ppm relative to tetramethyl silane (TMS) used as internal reference. ^^ ^Pt 
chemical shifts are given relative to aqueous K2[PtCl4] = -1630 ppm. All inftaied 
spectrums were recorded on Perkin Elmer 2000-FTIR spectrometer. The mass spectra 
were obtained on Fimiighan MAT 95XL mass spectrometer operating in El mode.
1. Microwave assisted hydrogenation of /ra/is-cinnamic acid using aininometliyi 
polystyrene formate and Wilkinson’s catalyst.
9  NH, Q
[ I I  RiiCKPPh,), II I OHll l(PPll3 3
DMSG 215
MW
A mixture of ^ra«5 -cinnamic acid 214 (0.025 g, 0.168 mmol), aminomethyl polystyrene 
supported formate salt 176 (0.200 g, 0.12 mmol) and Wilkinson’s catalyst 204 (0.040 g, 
0.04 mmol) was suspended in a reactiorr tube using DMSO (0.4 ml) as the solvent. The 
mixture was irradiated with microwaves at 300 W for 10 seconds. On cooling, the 
mixture was diluted with dichloromethane (5 ml) and filtered under gravity. The filtrate 
was dried over magneshrrn sulphate (MgS0 4 ) after washing with small aliquots of brine 
( 2 x 5  ml). The washed organic fraction was filtered through a plug of alumina and 
evaporated under reduced pressure to give white crystals (0.015 g). However, this was 
only a mixture of the reduced product and the mrreacted starling material.
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2. Thermal and microwave assisted hydrogénation of ^m/w-cinnamic acid using
Amberlite® supported formate and Wilkinson’s catalyst.
N — O/ HCOj-
RhCl(PPh3)3 ,, .
214 DMSO 215
MW
A mixture of /ra;w-cimiainic acid 214 (0.025 g, 0.168 mmol), Amberlite supported 
formate 182 (0.250 g, 0.6 mmol) and Wilkinson’s catalyst 204 (0.005 g, 0.005 mmol) 
was prepared in a reaction tube using DMSO (0.5 ml) as the solvent. The reaction 
mixture was inadiated with microwaves at 100 W for 30 seconds. On cooling the mixtuie 
was diluted with dichloromethane (5 ml) and filtered under gravity. The filtrate was 
washed with small aliquots of brine ( 2 x 5  ml). The washed organic fraction was filtered 
tlii'ough a plug of alumina and evaporated under reduced pressure to give white crystals. 
(0.024 g, 95%). Under themial conditions maintaining identical scales, the reaction 
mixtuie was heated at 70-80 °C for 4 hours, showed lowered yields (80%).
M.P, 47-48 °C (Lit., 48-49 °C) ‘“ “ ôh (300 MHz; CDCI3): 2.56 (t, 7  = 9 Hz, 2H, -CHj),
2.87 (t. y  = 9 Hz, 2H, -CHz), 7.18-7.21 (m, 5H, Ar). m/z: 150.1 [M’'], 151.1 [M+H]+.
168c
3. Thermal and microwave assisted hydrogénation of rm/is-cinnamic acid using alumina 
snpported formate and Wilkinson’s catalyst.
AljOj/HCOOH
RIiCl(PPh3)3
0
OH
214 ' 215
A mixture of trans-cirmamio acid 214 (0.025 g, 0.168 imnol), alumina supported 
hydrogen donor 189 (0.500 g, Immol) and Wilkinson’s catalyst 204 (0.005 g, 0.005 
mmol) was prepared in a reaction tube using DMSO (0.5 ml) as the solvent. The reaction 
mixture was inadiated with microwaves at 100 W for 30 seconds. On cooling the mixtine 
was diluted with dichloromethane (5 ml) and filtered under gravity. The filtrate was 
washed with small aliquots of brine ( 2 x 5  ml) and dried over magnesium sulphate. The 
dried organic fraction was evaporated under reduced pressure to give white crystals.
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(0.023 g, 95%). Under themial conditions maintaining identical scales, the reaction 
mixture was heated at 70-80°C for 4 houis, showed lowered yields (80%).
M.P. 47-48 °C (Lit., 48-49 °C) 8 h (300 MHz; CDCI3): 2.56 (t, /  = 9 Hz, 2 H, -CH2),
2.87 (t, 7 =  9 Hz, 2H, -CH2), 7.18-7.21 (m, 5H, Ai). m/z: 150.1 [M+], 151.1 [M+H]\
168c
4. Microwave assisted hydrogenation of ^ra/is-methyl cinnamate using aminomethyl 
polystyrene supported formate and Wilkinson’s catalyst.
[ I  J  RhCl(PPh,)3 l |  I
DMSO
216 MW
A mixture of ^ra7W-methyl cinnamate 216 (0.05 g, 0.308 mmol), aminomethyl 
polystyrene formate salt 176 (0.200 g, 0.12 mmol) and Wilkinson’s catalyst 204 (0.040 g, 
0.04 mmol) is suspended in DMSO (0.5 ml) used as a solvent. The suspension is 
inadiated with microwaves at 300W for 10 seconds. On cooling the mixture is diluted 
with dichloromethane (5-10 ml) and filtered under gravity. The organic filtrate was 
washed several times ( 2 x 5  ml) with brine and dried over anliydrous magnesium 
sulphate. The dried organic fraction is filtered tlirough a plug of alumina and evaporated 
under reduced pressure to give colouiless oil (0.024 g). However, this was only a mixture 
of the reduced product and the um eacted starting material.
5. Thermal and microwave assisted hydrogenation of t r a n s - m e t h y l  cinnamate using 
Amberlite® supported formate and Wilkinson’s catalyst.
B/  HCO2- II
OMe ---------------------------^RliCl(PPh3)3 H I
DMSO216 MW 217
A mixture of ^rn;w-methyl cinnamate 216 (0.025 g, 0.15 mmol), Amberlite supported 
formate 217 (0.250 g, 0.62 mmol) and Wilkinson’s catalyst 204 (0.005 g, 0.04 mmol) is 
suspended in DMSO (0.5 ml) used as a solvent. The suspension is inadiated with 
microwaves at lOOW for 30 seconds. On cooling the mixture is diluted witli
129
Chapter 6
dichloromethane (5-10 ml) and filtered under gravity. The organic filtrate was washed 
several times (2 x 5ml) with brine and dried over anliydrous magnesium sulphate. The 
dried organic haction is filtered through a plug of alumina and evaporated under reduced 
pressure to give colourless oil. (0.023 g, 90%). Under thermal conditions, a reaction 
mixtuie with identical scales was heated at 70-80 °C for 4 hours, showed lowering in the 
yields (75%).
ÔH (300 MHz; CDCI3): 2.60 (t, J=  8  Hz, 2H, -CH2), 2.95 (t, 8  Hz, 2H, -CH2), 3.66 (s,
3H, -OCH3), 7.20-7.44 (m, 5H, AiH). (Lit., 7.16 (m, 5H, AiH), 3.60 (s, 3H, -OCH3), 2.87 
(m, 2 H, CH2), 2.53 (m, 2H, CH2))‘“ m/z: 164.1 [M f (Lit., 164 [M]*).
6 . Thermal and microwave assisted hydrogenation of /“mns-methyl cinnamate using 
alumina supported formate and Wilkinson’s catalyst.
o
OMe AI2O3/HCOOH RliClfPPh,),
DMSO216 MW
A mixture of tj^ans-methyl cimiamate 216 (0.025 g, 0.15 mmol), alumina supported 
fonnate 189 (0.500 g, 1 mmol) and Wilkinson’s catalyst 204 (0.005 g, 0.005 mmol) is 
suspended in DMSO (0.5 ml) used as a solvent. The suspension is irradiated with 
microwaves at 100 W for 30 seconds. On cooling the mixture is diluted with 
dichloromethane (5-10 ml) and filtered under gravity. The organic filtrate was washed 
several times ( 2 x 5  ml) with brine and dried over anliydrous magnesium sulphate. The 
dried organic fraction is filtered tluough a plug of alumina and evaporated under reduced 
pressure to give colourless oil. (0.023 g, 90%). Under themial conditions, reaction was 
done by maintaining the scales and heating the mixture at 70-80 °C for 3-4 hours gave 
reduced yields (75%).
ÔH (300 MHz; CDCI3): 2.60 (t, J=  8  Hz, 2H, -CH2), 2.95 (t, J=  8  Hz, 2H, -CH2), 3.66 (s, 
3H, -OCH3), 7.20-7.44 (111, 5H, AiH). (Lit., 7.16 (111, 5H, AiH), 3.60 (s, 3H, -OCH3 ), 2.87 
(m, 2H, CH2), 2.53 (m, 2H, CH2)) '®m/z: 164.1 [M]+ (Lit., 164 [M]*).
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7. Microwave assisted hydrogeuation of **rt«s-ethyl cinnamate using aminomethyl
polystyrene formate and Wilkinson’s catalyst
OEt
NH3
HCO2-
OEtRhClfPPh,),
DMSO 
MW
A mixture of ?ra?75-ethyl ciminamte 218 (0.026 g, 0.14mmol), aminomethyl polystyiene 
salt 176 (0.250 g) and Wilkinson’s catalyst 204 (0.040 g, 0.04 mmol) was prepared in a 
reaction tube by suspending in DMSO (0.5 ml) used as a solvent. The reaction mixture 
was inadiated with microwaves at 300 W for 10 seconds. On cooling the mixture was 
diluted with dicblorometbane (5 ml) and filtered under gravity. The filtrate is washed 
with several aliquots of brine ( 2 x 5  ml) and dried over magnesium sulphate. The dried 
organic fraction is filtered through a plug of alumina and evaporated under reduced 
pressure to give light yellow oil (0.020 g). However, this was a mixture of the reduced 
product and the umeacted starting material.
8 . Thermal and microwave assisted hydrogenation of t r a n s - e t h y l  cinnamate using 
Amberlite® supported formate and Wilkinson’s catalyst.
OEt
'N—I HCO2-
GEtRliClfPPh,),
DMSO 
MW
A mixture of trans-eXhyl cinnnamate 218 (0.026 g, 0.148 nmiol), Amberlite supported 
formate 182 (0.250 g, 0.62 mmol) and Wilkinson’s catalyst 204 (0.040 g, 0.04 mmol) 
was prepared hr a reaction tube by suspendirrg hr DMSO (0.5 ml) used as a solvent. The 
reaction mixture was inadiated with microwaves at 100 W for 30 seconds. On cooling 
the mixture was diluted with dichlorometharre (5 ml) and filtered under gravity. The 
filtrate is washed with several aliquots of brine ( 2 x 5  ml) and dried over rnagrresiurn 
sulphate. The dried organic fr action is filtered tlrr ough a plug of alumina and evaporated 
under reduced pressure to give light yellow oil. (0.021 g, 80%). Under thermal 
conditions, a reaction mixture with identical scales was heated at 70-80 °C for 4 hours, 
showed lowering in the yields (62%).
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v,™,/cm’'; 3030, 2930, 1735 (-C=0) (Lit., 1735 (-C=0)) 5h (300 MHz; CDClj): 1.25 
(t, y  = 8 Hz, 3H, -CHj), 2.61 and 2.95 (t, 7  = 9 Hz, 2x2H, (-% )% ), 4.13 (q, /  = 8 Hz, 2H, 
-0 CH2), 7.26-7.38 (m, 5H, ArH).
9. Thermal and microwave assisted hydrogenation of ^m«s-ethyl cinnamate using 
alumina supported formate and Wilkinson’s catalyst.
o
ALOJHCOOH OEt -------— -------------M l  ----
218 DMSO
RhCl(PPh,)3 
C 
MW
A mixture of ^ra«5 -ethyl cimmamte 218 (0,025 ml, 0.14 mmol), alumina supported 
fomiate 189 (0.500 g, 1 mmol) and Wilkinson’s catalyst 204 (0.040 g, 0.04 imnol) was 
prepared in a reaction tube by suspending in DMSO (0.5 ml) used as a solvent. The 
reaction mixture was inadiated with microwaves at 100 W for 30 seconds. On cooling 
the mixture was diluted with dichloromethane (5 ml) and filtered under gravity. The 
filtrate is washed with several aliquots of brine ( 2 x 5  ml) and dried over magnesium 
sulphate. The dried organic faction was evaporated under reduced pressure to give light 
yellow oil. (0.018 g, 70%). Under thermal conditions, a reaction mixture with identical 
scales was heated at 70-80 °C for 4 hours, showed lowering in the yields (60%). 
v ^ y c in ';  3030, 2930, 1735 (-C=0) (Lit., 1735 (-C=0)) 5h (300 MHz; CDCI3): 1.25 
(t, / =  8  Hz. 3H, -CH3), 2.61 aiid 2.95 (t, J=  9 Hz, 2x2H, (-CHzh), 4.13 (q, J=  8  Hz, 2H, 
-OCH2), 7.26-7.38 (m, 5H, ArH).
10. Thermal and microwave assisted hydrogenation of rtwis-cinnamaldehyde using 
Amberlite® supported formate and Wilkinson’s catalyst.
o
RhCl(PPli3)3 
DMSO224 MW 225
A mixture of trnns-ciimamaldehyde 224 (0.026 g, 0.196 nunol), Amberlite supported 
fonnate 182 (0.400 g, 1 mmol)) and Wilkinson’s catalyst (0.040 g, 0.04 mmol) was 
suspended in a reaction tube using DMSO (0.6 ml) as the solvent. The reaction mixture
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was iiTadiated with microwaves at 100 W for 30 seconds. On cooling, the mixtui'e was 
diluted with dichloromethane (5 ml) and filtered under gravity. The filtrate is washed 
with small aliquots of brine ( 3 x 5  ml) and extracted by small portions ( 2 x 5  ml) of 
diethyl ether. The combined organic phase was dried over magnesium sulphate and 
filtered tlirough a plug of alumina. The organic fraction thus obtained was evaporated 
under reduced pressure to give yellow oil (0.024 g, 95%). Heating the reaction mixture 
theimally (70-80 °C for 4 hours) gave reduced yields (70%).
Vrnax/cm'': 1677,3, 1721,9, 1626,2 (-C=0) (Lit,, 1724, 1603 (-C -0 )) ," ' 8 h (300 MHz; 
CDCI3): 2,77 (t, J  = 9 Hz, 2H, -CH2), 2,95 (t, /  = 9 Hz, 2H, -CH2), 7,29-7,31 (m, 5H, 
AiH), 9,81 (t, IH, -CHO),
11. Thermal and microwave assisted hydrogenation of ^mns-cinnamaldehyde using 
alumina supported formate and Wilkinson’s catalyst.
AI2O3/HCOOH
RhClfPPhjlj
■ = »
A mixture of tra;w-cinnamaldehyde 224 (0.026 g, 0.19 mmol), alumina supported 
formate 189 (0.500 g) and Wilkinson’s catalyst 204 (0.040 g, 0.04 mmol) was suspended 
in a reaction tube using DMSO (0.6 ml) as the solvent. The reaction mixture was 
inadiated with microwaves at 100 W for 30 seconds. On cooling, the mixture was diluted 
with dichloromethane (5 ml) and filtered under gi'avity. The filtrate is washed with small 
aliquots of brine ( 3 x 5  ml) and extracted by small portions ( 2 x 5  ml) of diethyl ether. 
The combined organic phase was dried over magnesium sulphate and evaporated under- 
reduced pressure to give yellow oil (0.016 g, 60%). Heating the reaction mixture 
thermally (70-80 °C for 4 hours) gave reduced yields (50%).
Vmax/crn'': 1677,3, 1721,9, 1626,2 (-C=0) (L it, 1724, 1603 (-C=0)), 8 » (300 MHz;
CDCI3): 2,77 (t, 7 = 9  Hz, 2H, -CH2), 2,95 (t, 7  = 9 Hz, 2H, -CH2), 7,29-7,31 (m, 5H, 
AiH), 9,81 (t, IH, -CHO),
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12. Thermal and microwave assisted hydrogenation of ^r«ns-benzylidene acetone using
Amberlite® supported formate and Wilkinson’s catalyst.
N— Q/ HCO2-
RIiCl(PPh,)3/3
Q p A c H ,
A mixture of ^ra;w-benzylidene acetone 226 (0.025 g, 0.17 mmol), Amberlite supported 
fonnate 182 (0.300 g, 0.7 mmol) and Wilkinson’s catalyst (0.040 g, 0.04 mmol) were 
suspended in a glass tube using DMSO (0.6 ml) as the solvent. The mixture was 
inadiated with microwaves at 100 W for 30 seconds. On cooling the mixtine was diluted 
with dichloromethane (5 ml) and filtered imder gi'avity. The filtrate was washed with 
several aliquots of brine ( 3 x 5  ml) and extracted with diethyl ether. The combined 
organic phase was dried over magnesium sulphate and filtered tluough a plug of alumina. 
The organic ft'action thus obtained was concentiated on a rotary evaporator to give a 
colourless oil. (0.023 g, 90-95%). Reaction at an identical scale under thermal conditions 
(70-80 °C for 3-4 hours) gave lower yields (85%).
VrnVcm"': 1711.5 (-C=0) (Lit., 1715 (-C=0)) 6 » (300 MHz; CDCI3): 2.61 (s, 3H, -
COCH3), 2.78 (t, J  = 4 Hz. 2H, -CH2), 2.87 (t, /  = 4 Hz, 2 H, -CH2), 7.19-7.25 (m, 5H, 
ArH).
13. Thermal and microwave assisted hydrogenation of ^m/is-benzylidene acetone using 
alumina supported formate and Wilkinson’s catalyst.
Q o
"CH| | ^  R h C I ( P P h 3)3 I I  I
226 DMSO 227
MW
A mixture of benzylidene acetone 226 (0.025 g, 0.17 mmol), aliunina supported formate 
189 (0.500 g, 1 mmol)) and Wilkinson’s catalyst 204 (0.040 g, 0.04 mmol) were 
suspended in a glass tube using DMSO (0.6 ml) as the solvent. The mixture was 
irradiated with microwaves at 100 W for 30 seconds. On cooling the mixture was diluted 
with dichloromethane (5 ml) and filtered imder gravity. The filtrate was washed with 
several aliquots of brine ( 3 x 5  ml) and extracted with diethyl ether. The combined 
organic phase was dried over magnesiimi sulphate and evaporated ruider reduced pressure
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to give a coloui'less oil. (0.023 g, 90-95%). Thermal conditions imder identical scales (70- 
80 °C for 3-4 hours) identified reduced yields (80%).
1711.5 (-C=0) (Lit., 1715 (-C=0))."^ 5h (300 MHz; CDCI3); 2.61 (s, 3H, - 
COCH3), 2.78 (t, J  = 4 Hz, 2 H, -CHz), 2.87 (t, J  = 4 Hz, 2 H, -CH2), 7.19-7.25 (m, 5H, 
AiH).
14. Thermal and microwave assisted hydrogenation of TV^-dimethylcinnamide using 
Amberlite® snpported formate and Wilkinson’s catalyst.
RhCl(PPh3)3 
DMSO
228 MW 229
7/,A-Dimethylcinnamide 228 (0.025 g, 0.13 mmol), Amberlite supported formate 182 
(0.250 g, 0.62 nnnol) and Wilkinson’s catalyst 204 (0.040 g, 0.04 mmol) was suspended 
in a reaction tube using DMSO (0.6 ml) as a solvent. The reaction mixtine was irradiated 
with microwaves at 100 W for 30 seconds. On cooling the mixture was diluted with 
dichloromethane (5 ml) and washed with several small aliquots of brine ( 3 x 5  ml). The 
washed mixtine was extracted with small aliquots of diethyl ether ( 2 x 5  ml) and dried 
over magnesium sulphate. The dried organic fraction was filtered tlnough a plug of 
alumina and concentrated in a rotaiy evaporator to give colourless oil. (0.023 g, 95%). 
Thermal comparison (70-80 °C for 3-4 hours), imder identical reaction scales gave 
lowered yields (70%),
Vrnox/cm ': 1642.2 (-C=0), 2914.3 (-N(CH3)2) (Lit., 1655 (-C=0)).'” “ 8 h (300 MHz; 
CDCI3): 2.62 (t, J =  8 Hz, 2 H, -CH2), 2.93 (s, 6 H, -N(CH3)2), 2.95 (t, J  = 8  Hz, -CH2),
7.19-7.31 (m, 5H, ArH). m/z: 177.1 [M f, 178.1 [MH]+. (Lit., 178 [M H f, 177.1 [M f 
).
135
Chapter 6
15. Thermal and microwave assisted hydrogenation of AyV-dimethylcinnamide nsing
alumina supported formate and Wilkinson’s catalyst.
N(CHJ AljOj/HCOOH
O
RliCl(PPh3)3
DMSO 229
MW
A^,/7-Dimethylcimiamide 228 (0.025 g, 0.13 mmol), alumina supported fonnate 189 
(0.500 g, 1 mmol) and Wilkinson’s catalyst 204 (0.040 g, 0.04 mmol) was suspended in a 
reaction tube using DMSO (0.6 ml) as a solvent. The reaction mixture was irradiated with 
microwaves at 100 W for 30 seconds. On cooling the mixture was diluted with 
dichloromethane (5 ml) and washed with several small aliquots of brine ( 3 x 5  ml). The 
washed mixture was extracted with small aliquots of diethyl ether ( 2 x 5  ml) and dried 
over magnesium sulphate. The dried organic fraction was evaporated under reduced 
pressure to give colomless oil (0.023 g, 95%). Reaction done at an identical scale 
theimally (70-80 °C for 3-4 hours) gave reduced yields (70%).
v„,„/cm‘‘; 1642.2 (-C=0), 2914.3 (-N(CH3)z) (Lit., 1655 (-C=0)).'” “ 5h (300 MHz; 
CDClj): 2.62 (t, J  = 8  Hz, 2 H, -CH2), 2.93 (s, 6 H, -N(CH3)2), 2.95 (t, /  = 8  Hz, -CH2),
7.19-7.31 (ni, 5H, ArH). m/z: 177.1 [M]* 178.1 [M+H]*. (Lit., 178 [MH]+, 177.1 
[M f).
16. Thermal and microwave assisted hydrogenation of ^rnns-cinnamonitrile using 
Amberlite® supported formate and Wilkinson’s catalyst.
CN /  HCOj-
RliCKPPhOj
CN
°MW° ' '  3^1
A mixture of ?ra«5 -cinnamonitiile 230 (0.025 g, 0.19 mmol), Amberlite supported 
formate 182 (0.200 g, 0.5 mmol) and Wilkinson’s catalyst 204 (0.005 g, 0.005 nnnol) 
was suspended in DMSO (0.6 ml). The mixture was irradiated with microwaves at 100 W 
for 30 seconds. On cooling the mixture was diluted with dichloromethane (5 ml) and 
washed with several small aliquots ( 3 x 5  ml) of brine. The washed organic fraction was 
filtered under gi'avity and the filtrate was diied over magnesium sulphate. The dried
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organic fraction was filtered tlnough a plug of alumina and evaporated under reduced 
pressure to give colourless oil. (0.024 g, 95%). Under thermal conditions, on heating the 
mixture at identical scale at 70-80 °C for 4 houi's gave similar yields (90-95%).
Vrnax/cm"': 2245.5, 2216.3 (-CsN). Sh (300 MHz; CDCI3): 2.62 (t, 7  = 8  Hz, 2H, - 
CHz), 2.96 (t, / =  8  Hz, 2H, -CH2), 7.24-7.46 (m, 5H, ArH) (Lit., 2.57 (t, J  = 7.3 Hz, 2H),
2.92 (t, / =  7.3 Hz, 2H), 1.2-1 A  (m, 5H))."‘"' m/z: 131.07 [M f (Lit., 131 [M]^.
17. Thermal and microwave assisted hydrogenation of ^rnns-cinnamonitrile using 
alnmina supported formate and Wilkinson’s catalyst.
ALOJHCOOH N  U --------------- ^  r ^RliCl(PPh3)3 
DMSO
230 MW 231
A mixture of ^m/M-cinnamonitrile 230 (0.025 g, 0.19 nnnol), alumina supported fonnate 
189 (0.500 g, 1 mmol) and Wilkinson’s catalyst 204 (0.005 g, 0.005 nnnol) was 
suspended in DMSO (0.6 ml). The mixture was irradiated with microwaves at 100 W for 
30 seconds. On cooling the mixture was diluted with dichloromethane (5 ml) and washed 
with several small aliquots ( 3 x 5  ml) of brine. The washed organic fraction was filtered 
under gravity and the filtrate was dried over magnesium sulphate. The dried organic 
filtrate was evaporated under reduced pressure to give colourless oil (0.024 g, 95%). 
Under thermal conditions, on heating the mixture at identical scale at 70-80 °C for 4 
hours gave similar yields (90%).
Vm»/cm‘‘: 2245.5, 2216.3 (-C=N). 5h (300 MHz; CDCI3): 2.62 (t, 7  = 8  Hz, 2H, - 
CHz), 2.96 (t, /  = 8  Hz, 2H, -CH2), 7.24-7.46 (m, 5H, ArH) (Lit., 2.57 (t, J  = 7.3 Hz, 2H),
2.92 (t, 7 =  7.3 Hz, 2H), 1.2-1 A  (m, 5H)).'^"" m/z: 131.07 [M]^(Lit., 131 [M]+).
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18. Thermal and microwave assisted hydrogenation of ^r«/w-2-pentenoic acid using
Amberlite® supported formate and Wilkinson’s catalyst.
232
'N—I  H C O 2 -
RhCl(PPh3)3
DMSO 233
MW
A mixture was prepared in a reaction tube using ?ra7w-2 -pentenoic acid 232 (0.024 g, 
0.24 mmol), Amberlite supported fonnate 182 (0.250 g, 0.62 mmol) and Wilkinson’s 
catalyst 204 (0.040 g, 0.04 mmol) in DMSO (0.6 ml). The reaction mixture was inadiated 
with microwaves at 100 W for 30 seconds. On cooling the mixture was diluted with 
dichloromethane (5 ml) and filtered under giavity. The filtrate is washed with several 
small aliquots ( 3 x 5  ml) of brine and dried over magnesiimi sulphate. The dried organic 
fiaction is filtered tlirough a plug of alumina and evaporated under reduced pressme to 
give a colourless oil. (0.023 g, 90%). Themial conditions (80 °C for 3-4 hours) under 
identical reaction scale gave reduced yields (50%).
VrnVcm ': 3010, 2910, 1711.9 (-C=0) (Lit., 1700 (-C=0)).‘” “ 5h (300 MHz; CDCI3): 
0.845 (t, 7 =  8  Hz, 3H, -CH3), 1.27 (m, 7 =  9 Hz, 2H, -CH2), 1.54 (m, 7 = 9  Hz, 2H, - 
CHz), 2.26 (m, 7 =  9 Hz, 2 H, CH2) 1 1 .0 0  (br, s, IH).
19. Thermal and microwave assisted hydrogenation of /r«/w-2-pentenoic acid using 
alumina supported formate and Wilkinson’s catalyst.
AI3O3/HCOOH
OH RliClCPPhg)3/3
232 233MW
A mixture of /"mnj-2-pentenoic acid 232 (0.024 g, 0.24 mmol), alumina supported 
fonnate (0,500 g, 1 mmol) and Wilkinson’s catalyst (0.005 g, 0.005 mmol) was 
suspended in a reaction tube using DMSO (0.6 ml) as the solvent. The mixture was 
iiTadiated with microwaves at 100 W for 30 seconds. On cooling the mixture was diluted 
with dichloromethane (5 ml) and filtered under gravity. The filtrate was washed with 
small aliquots of brine ( 3 x 5  ml) and extracted with small aliquots of diethyl ether (2x5 
ml). The combined organic fiaction is diied over magnesium sulphate and evaporated
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under reduced pressure to give a colourless oil (0.018 g, 70%). Under thermal conditions 
(70 °C for 3-4 horns) the reaction identified lower yields (50%).
Vmax/cni-': 3010, 2910, 1711.9 (-C=0) (L it, 1700 (-C=0)).‘” “ 8 h (300 MHz; CDCb): 
0.845 (t, y  = 8  Hz, 3H, -CH3), 1.27 (m, /  = 9 Hz, 2H, -CH2), 1.54 (m, J  = 9 Hz, 2H, - 
CH2), 2.26 (m, J=  9 Hz, 2H, CHj) 11.00 (br, s, IH).
20. Thermal and microwave assisted hydrogenation of rra/ïs,^mH5-l,4-diphenyl-l,3- 
butadiene using Amberlite® supported formate and Wilkinson’s catalyst.
'N— Ha He He/ ^ X  X  .Ph
RhCllPPhj), ^  ■ jjd
222 DMSO ™
MW 223
1,4-Diphenyl-1,3-butadiene 222 (0.025 g, 0.012 nmiol), Amberlite supported 
formate 182 (0.250 g, 0.62 mmol) and Wilkinson’s catalyst 204 (0.040 g, 0.04 imnol) 
were suspended in a reaction tube using DMSO (0.6 ml) as the solvent. The reaction 
mixture was irradiated with microwaves at 100 W for 30 seconds. On cooling the the 
mixture was diluted with dichloromethane (5-10 ml). The diluted mixture was washed 
with several small aliquots ( 3 x 5  ml) of brine and extr acted with small aliquots of diethyl 
ether ( 2 x 5  ml). The combined organic phase was dried over anliydrous magnesium 
sulphate and filtered tlirough a plug of alumina. The filtrate was evaporated under 
reduced pressure to a colourless solid. (0.020 g, 80%). Thermal comparison (70-80 °C, 3- 
4 hours) on identical scales gave lower yields (<70%).
M.P. 37-38 "C (Lit., 38 °C). (300 MHz; CDCb): 7.17-7.31 (m, lOH, ArH), 6.44 (d,
y =  15.9 Hz, IH, Ha), 6.25 (dt, J=  15.9 Hz, IH, % ), 2.81-2.76 (m, 2H, % ), 2.56-2.49 (m, 
2H, Hd). ™
21. Thermal and microwave assisted hydrogenation of t r a n s ^  i^rfl«s-l,4-diphenyl-l,3- 
butadiene using alumina snpported formate and Wilkinson’s catalyst.
Ha He He
ALO,/HCOOH
RhCl(PPli3)3 
222 DMSO HbHd Hd 
MW 223
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trans, 1,4-Diphenyl-1,3-butadiene 222 (0.025 g, 0.12 ininol), alumina supported 
formate 189 (0.500 g, 1 mmol) and Wilkinson’s catalyst 204 (0.040 g, 0.04 mmol) were 
suspended in a reaction tube using DMSO (0.6 ml) as the solvent. The reaction mixture 
was iiTadiated with microwaves at 100 W for 30 seconds. On cooling the the mixture was 
diluted with dichloromethane (5-10 ml). The diluted mixture was washed with several 
small aliquots ( 3 x 5  ml) of brine and extracted with small aliquots of diethyl ether ( 2 x 5  
ml). The combined organic phase was dried over anhydrous magnesiimi sulphate and 
evaporated under reduced pressure to a colourless solid. (0.021 g, 85%). Theimal 
comparison (70-80 °C, 3-4 hours) on identical scales gave lower yields (<70%).
M.P. 37-38 “C (Lit., 38 “Q .^^S h  (300 MHz; CDCb): 7.17-7.31 (m, lOH, ArH), 6.44 (d, 
J=  15.9 Hz, IH, H„), 6.25 (dt, J=  15.9 Hz, IH, Hb), 2.81-2.76 (m, 2H, He), 2.56-2.49 (m, 
2H, Hd).
22. Synthesis of A-benzyl-4-methoxyaniline
PhCH.Br
K2CO3
THF
238
240
4-methoxy aniline 238 (0.500 g, 4 mmole) and anliydrous potassiiuii carbonate (1 g, 8  
imnol) was suspended with freshly distilled acetonitrile (100 ml) in a 500 ml round 
bottom flask and allowed to stir for 15-20 minutes. Benzyl bromide 239 (0.694 g, 4 
mmole) is intioduced to the stined suspension and the mixture is set to heat while stirring 
at 90-100 °C overnight. The mixture is then allowed to cool to room temperature and 
filtered under gravity. The filtrate is evaporated under reduced pressure to give a red- 
brown oily residue which was purified by coliunn clironiatogiaphy to give a colourless 
crystalline solid. (0.340 g, 40%)
M.P. 49-50 °C (49-51 °C).'™Sh (300 MHz; CDCb): 3.72 (s, 3H, -OCH3), 4.56 (s, 2 H, - 
CH2), 6.70-6.77 (m, 4H, AiH), 7.23-7.31 (m, 5H, ArH).‘” “
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3. Thermal and microwave assisted iV-formylation of iV-benzyI-4-methoxy aniline using 
Amberlite® supported formate
f  H C O j
DMSO
A mixture of 7/-beiizyl-4-methoxyaniline 240 (0.025 g, 0.11 mmol), Amberlite supported 
fomiate (0.250g, 0.5 mmol) was suspended in pyrex glass reaction tube using DMSO 
(0.4-0.5 ml) as the solvent. The mixtiue was inadiated with microwaves at 80 W for 40 
seconds. On cooling the mixture was diluted with dichloromethane (5 ml) and filtered 
under gravity. The filtrate was washed several times with small aliquots of brine ( 3 x 5  
ml) and the dried over anhydrous magnesium sulphate. The dried organic fraction on 
evaporation under reduced pressure gave a colourless crystalline solid. (0.020 g, 70- 
75%). Under thermal conditions, (70-80 °C, 4 hours) the reaction indicated lower yields 
(<60%).
M.P. 44-46 "C (Lit., 45 Vm.x/cm ': 1674 (-C=0) (Lit., 1670 (-0= 0)).'““
24, Thermal and microwave assisted A-formylatioii of aniline using Amberlite 
supported formate
I  HCO,-NHj ^NHCHO
DMSO
245 246
Aniline 245 (0.025 g, 0.23 imnol) and Amberlite supported fonnate 182 (0.700 g, 1.75 
nnnol) was suspended in a pyrex glass reaction tube using DMSO (0.6 ml) as the solvent. 
The reaction mixtui'e was inadiated with microwaves at 100 W for 30 seconds. On 
cooling the mixture was diluted with DCM (5 ml) and filtered under gravity. The filtrate 
was washed several times with several small aliquots of brine ( 3 x 5  ml) and dried over 
magnesium sulphate. The dried organic fiaction was evaporated under reduced pressure 
to give a colourless solid. (0.026 g, 90%). Thermal comparisions by heating (70 °C for 3-
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4 hours) the reaction mixture on an oil bath under identical scales gave reduced yields 
(60%).
Vmax/cm'b 3310, 1710 (Lit., 3300 (NH), 1700 (C=0)). 6 » (300 MHz; CDCb): 8.72 (d,
/ =  12 Hz, IH), 8.47 (br, IH), 8.37 (s, IH), 7.08-7.56 (m, 5H).’’* m/z: 121.05 [M f,
122.05 [M+H]*.
25. Thermal and microwave assisted A-formylatiou of aniline using alumina supported 
formate
NH, ,.NHCHO
AI2O3/HCOOHCr DMSO
245 246
Aniline 245 (0.026 g, 0.238 mmol) and alumina supported formate 189 (0.700 g, 1.75 
mmol) was suspended in a pyiex glass reaction tube using DMSO (0.6 ml) as the solvent. 
The reaction mixtme was irradiated with microwaves at 100 W for 30 seconds. On 
cooling the mixture was diluted and filtered under giavity. The filtrate was washed 
several times with several small aliquots of brine ( 3 x 5  ml) and dried over magnesium 
sulphate. The dried organic fiaction was evaporated under reduced pressure to give a 
colourless solid. (0.027 g, 93%). Thermal comparision by heating (70 °C for 3-4 hours) 
the reaction mixture on an oil bath under identical scales gave reduced yields (70%). 
v„,„/cm'': 3310, 1710 (Lit., 3300 (NH), 1700 (C=0 )). 8 » (300 MHz; CDCb): 8.72 (d,
y =  12 Hz, IH), 8.47 (br, IH), 8.37 (s, IH), 7.08-7.56 (m, 5H). m/z: 121.05 [M]'",
122.05 [M+H]+.
26. Thermal and microwave assisted V-formyialiou of benzylamine using Amberlite 
supported formate
DMSO
247 248
Benzylamine 247 (0.049 g, 0.45 mmol) and Amberlite supported formate 182 (1.14 g, 2.8 
mmol) were suspended in a pyrex glass reaction tube using DMSO (0.8 ml). The reaction 
tube was iiTadiated with microwaves at 100 W for 30 seconds. On cooling the the
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reaction mixtme was diluted with dichloromethane (5 ml) and filtered under gravity. The 
filtrate was washed with several small aliquots of brine ( 3 x 5  ml) and diied over 
anliydrous magnesium sulphate. The dried organic fraction was concentrated on a rotary 
evaporator to give a colourless solid. (0.058 g, 95%). Themial heating (70 °C for 3-4 
hours) of the reaction mixture at identical scale showed lower yields (80%)
M.P. 61-62 °C (Lit., 60-61 “C). 5h (300 MHz; CDCI3): 8.27 (s, IH, -CHO), 7.43-7.16 
(m, 5H, ArH), 5.83 (br, IH, -NH), 4.48 (d, 7  = 6  Hz, 2 H, -CH2).
27. Thermal and microwave assisted iV-formylation of benzylamine using alumina 
supported formate
AI2O3/HCOOH
247 248
A reaction mixture of benzylamine 247 (0.049 g, 0.45 mmol) and almnina supported 
formate 189 (1 g, 2 mmol) was suspended in a reaction tube using DMSO (0.8 ml) as the 
solvent. The reaction mixture was inadiated with microwaves at 100 W for 30 seconds. 
After irradition the mixture was allowed to cool to room temperature and diluted with 
dichloromethane (5 ml). The diluted mixture was filtered under gravity and washed with 
several small aliquots of brine ( 3 x 5  ml). The washed organic fiaction was dried over 
anliydrous magnesium sulphate and evaporated under reduced pressure to give a 
colourless solid. (0.058 g, 95%) Themial comparison (70 °C for 3-4 hours) identified 
reduced yields (85%).
M.P. 61-62 “C (Lit., 60-61 °C). '” " 8 h (300 MHz; CDCI3): 8.27 (s, IH, -CHO), 7.43-7.16 
(m, 5H, ArH), 5.83 (br, IH, -NH), 4.48 (d, / =  6  Hz, 2H, -CH2).
28. Thermal and microwave assisted 7V-formyIation of (±)-o:-methylbenzylamine using 
Amberlite® supported formate.
NHCHO
DMSO
249 250
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A  mixture of (±)-o:-methylbenzylamine 249 (0.047 g, 0.38 mmol) and Amberlite 
supported formate 182 (0.600 g, 1.5 mmol) were suspended in a pyi*ex glass reaction tube 
using DMSO (0.6 ml) as the solvent. The reaction mixture was irradiated with 
microwaves at 100 W for 30 seconds. After mediation the mixture was allowed to cool 
and diluted with dichloromethane (5 ml). The diluted fraction was washed with several 
small aliquots of brine ( 3 x 5  ml) and dried over anhydrous magnesimn sulpahte. The 
dried fiaction was evaporated under reduced pressme to give a colourless oil. (0.056 g, 
95%). Thermal heating (70 °C for 4 hours) of the reaction mixture mider identical scales 
identified lower yields (85%).
M. P. 46-47 °C (Lit., 47 “C).'™ 8 h (300 MHz; CDCb): 8.12 (br, IH, -NH), 7.85 (br, IH, - 
CHO), 7.35 (s, 5H, ArH), 4.270 (d, J =  6 .6  Hz, IH, -CH), 1.57 (d, / =  6 .8  Hz, 3H, - 
CH3>.'“  m/z: 148 [M-HJ+, 150.4 [M+H]+.
29. Thermal and microwave assisted A^-formylatioii of (±)-a-methyIbenzyIamine using 
alumina supported formate.
NHCHO
AI2O3/HCOOH ^  'CH
DMSO [I J
249 250
A mixture of (±)-0 !-methylbenzylamine 249 (0.047 g, 0.38 mmol) and alumina supported
fomiate 189 (0.800 g, 1.6 mmol) were suspended in a pyiex glass reaction tube using
DMSO (0.8 ml) as the solvent. The reaction mixture was inadiated with microwaves at
100 W for 30 seconds. After inadiation the mixtme was allowed to cool and diluted
with dichloromethane (5 ml). The diluted fi'action was washed with several small aliquots
of brine ( 3 x 5  ml) and diied over anhydrous magnesium sulpalite. The dried hachon was
evaporated under reduced pressure to give a colourless solid (0.056 g, 85%). Thermal
heating (70 °C for 4 hours) of the reaction mixture under identical scales identified lower
yields (80%).
M. P. 46-47 “C (Lit., 47 “C).'*” 5h (300 MHz; CDCb): 8.12 (br, IH, -NH), 7.85 (br, IH,- 
CHO), 7.35 (s, 5H, ArH), 4.270 (m, IH, -CH), 1.57 (d, J  = 6 .8  Hz, 3H, -CHj). m/z: 
148 [M-H]+, 150.4 [M +H f.
144
Chapter 6
30. Thermal and microwave assisted A-Formylation of 4-methoxyaniline using 
Amberlite® supported formate.
OMe
T  HCO,
DMSO
NHCHO 
238
A mixture of 4-methoxyaniline 238 (0.025 g, 0.20 mmol) and amberlite supported 
formate 182 (0.400g, 1 mmol) were suspended in reaction tube using DMSO (0.6 ml) as 
the solvent. The mixture was inadiated with microwaves and on cooling was diluted 
with dichloromethane (5 ml). The diluted mixtme was washed with several small aliquots 
of brine ( 2 x 5  ml). The washed organic fraction was dried over anliydrous magnesium 
sulphate and evaporated under reduced pressure to give a brown solid. (0.024 g ,80%). 
Under thermal conditions, the reaction identified lower yields (60%).
M.P. 79-80 °C (Lit., 80 Sh (300 MHz; CDCb): 8.44 (d, 7  = 11.7 Hz, IH, -
CHO(exo)), 8.268 (d , / =  1.8 Hz, -CHO(endo)), 7.39-7.36 (m, IH, ArH), 6.97-6.94 (m, 
IH, ArH), 6.83-6.78 (ni, 2H, ArH), 3.73 (d, / =  3 Hz, 3H, -OCH3).
31. Thermal and microwave assisted A-formylation of 4-methoxy aniline using alumina 
supported formate
ALP3/HCOQH
NHCHO
DMSO
238
A mixture of 4-methoxy aniline 238 (0.025 g, 0.20 mmol) and alumina supported 
fonnate 189 (0.800 g, 1.6 mmol) were suspended in reaction tube using DMSO (0.6 ml) 
as the solvent. The mixture was inadiated with microwaves and on cooling was diluted 
with dichloromethane (5 ml). The diluted mixtme was washed with several small aliquots 
of brine ( 2 x 5  ml). The washed organic fraction was dried over anliydrous magnesium 
sulphate and evaporated under reduced pressure to give a brown solid. (0.024 g, 80%). 
Under thennal conditions (70 °C for 4 hours) the reaction identified lower yields (55%).
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M.P. 79-80 °C (Lit., 80 °C 5» (300 MHz; CDCb): 8.44 (d, J  = 11.7 Hz, IH, - 
CHO(exo)), 8.268 (d, / =  1.8 Hz, -CHO(endo)), 7.39-7.36 (m, IH, ArH), 6.97-6.94 (m, 
IH, ArH), 6.83-6.78 (m, 2H, ArH), 3.73 (d, J =  3 Hz, 3H, -0 CH3).<“ '-*®'’''’>
32. Thermal and microwave assisted /V-formylation of dibenzylamine using Amberlite 
supported formate
3
T HCOj-
DMSO
254
A,A-Dibenzylamiiie 253 (0.050 g, 0.25 nnnol), Amberlite supported fonnate 182 (0.700 
g, 1.7 mmol) were suspended in a glass tube using DMSO (0.8 ml) as the solvent. The 
reaction mixture was inadiated with microwaves at 100 W for 30 seconds. On cooling, 
the mixtme was diluted with dichloromethane (5 ml) and filtered under gravity. The 
filtrate was washed with several small aliquots of brine and dried over anhydrous 
magnesium sulphate. The dried organic fraction was concentrated on a rotary evaporator 
to give a colomless solid (0.055 g, 95%). Reaction done under identical scales by thermal 
heating (70 °C for 3-4 hours) identified lower yields (80%)
M.P. 52-54 °C (Lit., 53-53.5 °C). 3h (300 MHz; CDCb): 9.42 (s, IH, -CHO), 7.35-
7.18 (m, lOH, ArH), 4.41 (s, 2H, -CHj), 4.26 (s, 2H, -CH;).
33. Thermal and microwave assisted iV-formylation of dibenzylamine using alumina 
supported formate.
ALO3/HCOOH
DMSO 
253 254
#,A-Dibenzylamine 253 (0.050 g, 0,25mmol), alumina supported fonnate 189 (0.650 g, 
1.3 mmol) were suspended in a glass tube using DMSO (0.8 ml) as the solvent. The 
reaction mixture was inadiated with microwaves at 100 W for 30 seconds. On cooling, 
the mixture was diluted with dichloromethane (5 ml) and filtered under gravity. The 
filtrate was washed with several small aliquots of brine and diied over anliydrous 
magnesium sulphate. The dried organic fr action was concentrated on a rotary evaporator
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to give a colourless solid (0.054 g, 95%). Reaction done under identical scales by thermal 
heating (70°C for 3-4 hours) identified lower yields (80%).
M.P. 52-54 °C (Lit., 53-53.5 °C). 5h (300 MHz; CDCb): 9.42 (s, IH, -CHO), 7.35-
7.18 (m, lOH, ArH), 4.41 (s, 2H, -CHj), 4.26 (s, 2H, -CH2).
34. Thermal and microwave assisted lY-formylatioii of piperazine using Amberlite 
supported formate
HOH  tuI HCO,
H
255 CHO256
A reaction mixture of piperazine 255 (0.050 g, 0.58 mmol) and Amberlite supported 
formate 182 (0.700 g, 1.7mmol) was prepared in a pyiex glass reaction tube by 
suspending in DMSO (0.8 ml). The mixtme was irradiated with microwaves at 100 W for 
30 seconds. After irradiation, the mixtme was allowed to cool and diluted with 
dichloromethane ( 2 x 5  ml). The diluted mixture was filtered under giavity. The filtiate 
was washed with several small aliquots of brine ( 3 x 5  ml) and water ( 2 x 5  ml). The 
washed organic fraction was dried over magnesium sulphate (anliydi'ous) and evaporated 
under reduced pressure to give a colourless solid (0,042 g, 60%). Reaction done under 
thennal heating (70°C for 3-4 hours) identified lower yields (55%).
M.P. 127-128 °C (Lit., 127.5-128.5 °C).'*^“ v„,ax/cm'': 1660.8 (-C=0) (Lit., 1650 (- 
C =0).‘*^ ''
35. Thermal and microwave assisted 7V-formyIation of piperazine using alumina 
supported formate
HO
AI2O3/HCOOH
H I
255 CHO256
A reaction mixture of piperazine 255 (0.025 g, 0.29 mmol) and alumina supported 
fonnate 189 (0.800 g, 1.6 mmol) was prepared in a pyiex glass reaction tube by
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suspending in DMSO (0.8 ml). The mixture was inadiated with microwaves at 100 W for 
30 seconds. After irradiation, the mixtuie was allowed to cool and diluted with 
dichloromethane ( 2 x 5  ml). The diluted mixture was filtered under gravity. The filtiate 
was washed with several small aliquots of brine ( 3 x 5  ml) and water ( 2 x 5  ml). The 
washed organic fiaction was dried over magnesium sulphate (anliydrous) and evaporated 
under reduced pressure to give a colourless solid (0.041 g, 60%). Reaction done under 
theimal heating (70 °C for 3-4 hours) identified lower yields (55%).
M.P. 127-128°C. (Lit., 127.5-128.5 °C). Vmax/crn ': 1660.8 (-C=0) (Lit., 1650 (-
36. Thermal and microwave assisted A-formylation of morpholine using Amberlite 
supported formate
O'- HCO;-
DMSON NH
258 CHO259
A reaction mixture was prepared in a pyiex glass reaction tube using morpholine 258 
(0.025 g, 0.28 mmol) and Amberlite supported formate 182 (1 g, 2.5 imnol) using DMSO 
(0.8 ml). The reaction mixtme was irradiated with microwaves at 100 W for 30 seconds. 
After inadiation, the mixture was allowed to cool and diluted with dichloromethane (5 
ml). The diluted mixture was filtered rnider gravity. The filtrate was washed subsequently 
with several small aliquots of brine ( 3 x 5  ml) and water ( 2 x 5  ml) and dried over 
anhydrous magnesium sulphate. The dried organic fraction was concentrated on a rotary 
evaporator to give an oily residue (0.020 g, 60%). Under thennal conditions (70 °C for 3- 
4 hours) the reaction showed reduced yields (<50%).
v„x,x/cm ': 1651.6 (-C=0) (Lit., 1690 (-C=0)). 8 h (300 MHz; CDCb): 8.26 (s, IH, - 
CHO), 3.51-3.40 (m, 8 H, -4CHz).
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37. Thermal and microwave assisted A-formylation of morpholine using alumina
supported formate
AI2O3/HCOOH
DMSO
H ?CHO
258 259
A reaction mixtme was prepared in a pyiex glass reaction tube using morpholine (0,025 
g, 0.28 mmol) and alumina supported formate (1 .2  g, 2.4 imnol) using DMSO (0.8 ml). 
The reaction mixture was inadiated with microwaves at 100 W for 30 seconds. After 
inadiation, the mixtme was allowed to cool and diluted with dichloromethane (5 ml). The 
diluted mixtme was filtered under giavity. The filtrate was washed subsequently with 
several small aliquots of brine ( 3 x 5  ml) and water ( 2 x 5  ml) and dried over anhydrous 
magnesium sulphate. The dried organic fraction was concentrated on a rotary evaporator 
to give an oily residue (0.019 g, 60%). Under thennal conditions (70 °C for 3-4 horns) 
the reaction showed reduced yields (<50%).
V„,„/Cin ‘: 1651,6 (-C=0) (Lit., 1690 (-C=0)).” * 8 » (300 MHz; CDCb): 8.26 (s, IH, - 
CHO), 3.51-3.40 (m, 8 H, -4CHz).
38. Thermal and microwave assisted A-formylation of 2,4-difluoroaniliiie using 
Amberlite® supported formate.
NHCHO
^ N —
/  HCO;-
DMSO
2,4-Difluoroaniline 261 (0.031 g, 0.24 mmol) and Amberlite supported formate 182 
(0.600 g, 1.5 mmol) were suspended in a pyiex glass reaction tube equipped with a screw 
cap top using DMSO (0.8 ml) as the solvent. The mixture was irradiated with 
microwaves at 100 W for 30 seconds. The inadiated mixtme was allowed to cool and 
diluted with dichloromethane (5 ml). The diluted mixture was washed subsequently with 
small aliquots of brine ( 3 x 5  ml) and water ( 2 x 5  ml). The washed organic fraction was 
dried over anliyidous magnesium sulphate and concentrated on a rotary evaporator to
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give a light brown solid (0.022 g, 70%). Thennal compaiison of the reaction (70 °C for 3- 
4 hours) under identical scale gave reduced yields (<60%).
Vrnax/cm-': 1613.1, 1667.5 (-C=0), 1400.7, 1377.1 1273.9, 1150.3, 1092.2. 5h (300 MHz; 
CDCI3): 8.54 (d, J =  11.4 Hz, IH, -CHO), 8.45 (s, IH), 8.29 (m, 2H), 7.36 (br, IH, NH).
7.20 (m), 6.89 (m). m/z: 157.02 [M f, 158.02 [M+H]^ (Lit., 157 [M f).
39. Thermal and microwave a s s i s t e d  iV-formylation of 2,4-difluoroauiline using alumima 
supported formate.
AI.O3/HCOOH
NHCHO
D M SO
2,4-Difluoroaniline 261 (0.031 g, 0.24 nnnol) and alumina supported fomiate 189 (0.800 
g, 1 .6  mmol) were suspended in a pyiex glass reaction tube equipped with a screw cap 
top using DMSO (0.8 ml) as the solvent. The mixture was irradiated with microwaves at 
100 W for 30 seconds. The inadiated mixture was allowed to cool and diluted witli 
dichloromethane (5 ml). The diluted mixture was washed subsequently with small 
aliquots of brine ( 3 x 5  ml) and water ( 2 x 5  ml). The washed organic fraction was dried 
over anhyrdous magnesium sulphate and concentrated on a rotary evaporator to give a 
light brown solid (0.021 g, 70%). Thermal comparison of the reaction (70 °C for 3-4 
hours) under identical scale gave reduced yields (<60%).
Vrnax/cm ': 1613.1, 1667.5 (-0=0), 1400.7, 1377.1 1273.9, 1150.3, 1092.2. Ôh (300 MHz; 
CDCI3): 8.54 (d, J =  11.4 Hz, IH, -CHO), 8.45 (s, IH), 8.29 (m, 2H), 7.36 (br, IH, NH).
7.20 (m), 6.89 (m). m/z: 157.02 [M ]f 158.02[M+Hf (Lit., 157 [M]'").
40. Attempted microwave assisted reduction of acetophenone using RuCl(PPh3 ) 3  using 
Amberlite® supported formate a s  the hydrogen d o n o r .
O W — OH
RuCl(PPh3)3 
DCM  ^  275
CH3
274
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A mixture of acetophenone 274 (0.025 ml, 0.213 mmol), Amberlite supported fomiate 
182 (0.500 g, 1.2 mmol) and RuCl(PPli3)3 276 (0.002 g) were suspended in a pyiex glass 
reaction tube using DCM (1 ml) as the solvent. The reaction tube was irradiated with 
microwaves at set temperature of 120 °C for 300 seconds. On completion, the mixture 
was diluted with dicblorometbane (5 ml) and filtered tluough a plug of alumina. The 
filtrate was dried over anliyidous magnesimn sulphate and evaporated under reduced 
pressure to give a colourless oil, identified by NMR analysis as the umeacted starting 
material.
41. Synthesis of Ru(II)-^-cymene complex
CjHjOH
2RUCI3 + 2C,oHi6 ------------------------  [RuCl2(Ti -^C,oH,4)]2
278 279 280
111 a 250 ml round bottom flask, RUCI3 278 (2 g) was suspended in ethanol (100 ml). To
this suspension, i?-o:-pliellaiidi*ene 279 (10 ml) was added and the mixture was set to
reflux while stirring for 4 hours. Thereafter, the mixture was allowed to cool to room
temperatme and refrigerated overnight. The mixtme developed red-brown crystalline
solid settled at the bottom of the flask. The solid thus obtained was separ ated by filtr ation
and dried under vacuum. The filtrate was frufher concentiated to half the volmiie and the
solid precipitating on cooling was separated by filtration. A red-brown crystalline solid
was collected after filtration and drying (1.7 g, 72%).
M.P. 225-230 °C (Lit, 209-230 °C). “"’ ôh (300 MHz; CDCI3); 1.26 (d, / =  7 Hz, 3H, - 
CHCH3), 2.16 (s, IH, -CH3), 2.92 (m, CHCH3), 5.48-5.33 (dd, / =  6  Hz, ArH).
42. Attempted microwave assisted reduction of acetophenone using amberlite supported 
formate and Ru(II)-/;-cymene complex catalyst.
O OH
[RuCh(il'-C,oH^ ,)]2 
274 DCM 275
A reaction mixtme was prepared in a pyrex glass reaction tube using acetophenone 274 
(0.025 ml, 0.213 mmol) and Amberlite supported formate 182 (0.450 g, 5 mmol) and Ru- 
p-cymene complex 280 (0.005 g) using dichloromethane (1 ml) as the solvent. The
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reaction tube was irradiated with microwaves at set temperature of 90 °C for 60 seconds. 
On completion, the reaction mixture was cooled to room temperatme and diluted with 
dichloromethane (5 ml). The diluted mixture was filtered tlmough a plug of alumina and 
dried over anliydrous magnesium sulphate. The dried organic fraction was concentrated 
on a rotaiy evaporator to give a colourless oil, largely identified as the unieacted starting 
material by NMR analysis.
43. Attempted microwave assisted oxidation of benzyl alcohol using Pd(II)hydrotalcite
A mixtme Pd(II) hydrotalcite 292 (0.300 g) and pyridine 290 (0.4 ml, 2 mmol) were 
suspended in a pyiex glass reaction tube sealed with a cap equipped with a rubber 
septum. To this mixture toluene (1 ml) is added using a syiinge and the reaction tube is 
degassed and subsequently O2 is intioduced into the tube using a balloon. The reaction 
tube is irradiated with microwaves after removal of the halloon at at set temperature of 60 
°C for 30 seconds. Therafter the mixture is again subjected to oxygen using a balloon and 
at this stage benzyl alcohol 289 (0.052 g, 0.4 mmol) diluted in toluene (1 ml) is 
introduced into the reaction tube using a syringe. The mixture is inadiated under 
microwaves at a set temperature of 60 °C for 60 seconds. After inadiation, the reaction 
mixture showed development of a black residue in the tube. The mixtm e was diluted with 
diethyl ether (5 ml) and filtered under gravity. The filtrate was evaporated under reduced 
pressure to give a yellow oil which identified only the umeacted starting alcohol by 
NMR analysis.
44. Synthesis of mc-(3*S, 422, 5 S )  &  r a c - ( 3 R ,  422, 5iS)-2-methyl-3,5-diphenyl-isoxazolidine- 
4-carbonitrile by thermal and microwave assisted cycloaddition of A-methyl-C- 
phenyl-nitrone and /rflns-cinnamonitrile
Me (Hb) Me (Hb)
230
Me
\ = i s 4
H 0 3
322
Ph Î9
CN
:^Hdphb
3R, 45, 55  
329
Ph
Ha’ V
Hc'^iCN
'%^HdPh,,
3 5 ,4 5 , 55  
330
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A mixture of ^ra«5 -cimiamoiiitiile 230 (0.065 g, 0.5 mmol) and A-methyl-C-phenyl- 
nitrone 322 (0.068 g, 0.5mmol) was heated to 60 °C for three weeks. The product, 1:1 
mixture of diastereoisomers 329 and 330, was isolated by column chromatography 
(silica, DCM/hexane 4:1) and obtained as a colourless oil. (30%).
Under microwave conditions, a reaction mixture of ?ra7w-cimiamonitrile 230 (0.102 g, 
0.79 mmol) and nitione 322 (0.406 g, 3 mmol) was suspended in dichloromethane (0.3-
0.4 ml). The reaction mixture was iixadiated with microwaves at 100 °C for 2 hours. 
After iiTadiation, the reaction mixture was evaporated under reduced pressure to give a 
yellow oil. The product was a 1:1 mixture of the diastereoisomers 329 and 330 obtained 
as a colourless oil (30%). The two diastereoisomers were separated by colunm 
clir'omatography (silica, DCM/hexane 4:1).
329, Vrnax/cm ': 3032 (C-H), 2964, 2245 (-C=N). 5h (500 MHz; CDCI3); 2.75 (s, 3H, 
N(Me)(Hb)), 3.43 (dd, J  = 7 Hz and 9.5 Hz, IH, He), 3.98 (d, 7  = 9 Hz, IH, Hd), 5.41 (d, 
J  = 6.5 Hz, Hd). 7.34 (m, IH), 7.41 (t, J  = 7.5 Hz, 2H), 7.51 (d, 7  = 7 Hz, 2H), 7.36-7.39 
(m, 5H, AiH (Phi)). 5„ (300 MHz; CDCI3) 43.1 (NMe), 51.1 (C-CN), 77.5 (C-Ha), 80.9 
(OC-Hc), 118.1 (-CN), 125.6, 127.3, 128.4, 128.9, 129,1, 134.8, 140.1 (2xPh). Accurate 
mass EI-MS, m/z: Found: 264.126 [M]*; Calcd for C 17HK5N2O: 264.125 [M]*.
330, VrnVcm"': 3065, 3034 (C-H), 2964, 2877, 2245 (-CsN ). 8 » (500 MHz; CDCI3) 2.74 
(s, 3H, N(Me) (Hb)), 3.92 (d, /  = 9 Hz, IH, Ha), 3.56 (dd, J  = 7 Hz and 9 Hz, IH, Hd), 
5.33 (d, J  = 7.5 Hz, IH, He), 7.38-7.48 (m, lOH, 2 xPh). 8 . (500MHz; CDCI3) 43.2 
(NMe), 49.3 (C-Hd), 75.1 (C-Ha), 82.9 (C-Hc) 117.9 (-C=N), 125.8,128.7, 129.1,129.2, 
129.3, 129.4, 134.7 137.1 (2xPh). Accurate mass EI-MS, m/z: Found: 264.126 [M]' ;^ 
Calcd forCnHiôNiO: 264.125 [M]+.
45. Synthesis of Pt(II)-bound /rnns-cinnamouitrile complex [trans-(PtCl2{N ^  C 
CH=CHPh}2]
H y h
. X
> = </  \  327
Ph H
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A  suspension of c/j/^ra«j-PtCl2(MeCN)2 326 (0.300 g, 0.86 mmol) in trajts- 
ciimamonitrile 230 (1.5 ml) was heated at 60 °C for one week whereupon the yellow 
finely dispersed starting complex was tiansfbnned into a crystalline yellow solid. After 
addition of diethyl ether ( 1 0  ml), the solid was filtered off, washed with diethyl ether and 
dried in air. (0.360 g, 81%).
Anal. Found: C, 41.57, H, 2.45; N, 5.36; Calcd for CigHMCl2N2Pt: C, 41.23; H, 2.69; N, 
5.34. v,„ax/cm'': 3010 (C-H), 2276 (CW4), 1610 (C=C), 965 (lra;w-CH=CH).
8 h (300 MHz; CDCI3): 7.69 (d, J =  16 Hz, IH, =CH-Ph), 6.17 (d, J =  16 Hz, IH, =CH- 
CN), 7.45-7.53 (m, 5H, ArH). FAB-MS, m/z: 523 [M]+.
46. Synthesis of transition metal oxadiazoline complex, <ra;is-[PtCi2{N=C(CH=CHPh)0- 
N(Me)-CH(Ph)}2]
I —N/ \
He Cl. .N-
N— I /  \ Ph PhHbMe Ha
345
A mixture of [^ra«.s-(PtCl2 {N= C-CH=CHPh}2] 327 (0.025 g, 0.047 mmol) and C- 
Phenyl-A-methyl nitrone 322 (0.031 g, 0.095 nnnol) was prepared in a pyi*ex glass 
reaction tube using DCM (2ml) as the solvent. The mixture was iiTadiated with 
microwaves at a set temperature of 100°C for 7200 seconds. On completion, the reaction 
mixture is evaporated under reduced pressure to give a light yellow oily residue. The 
yellow oil obtained is purified by colunm chromatography (DCM, silica) and the first 
fraction was collected and concentrated on a rotary evaporator to give a light yellow oil 
which on trituration with diethyl ether precipitated a light yellow solid ( 1 :1  mixture of 
two diastereoisomers) obtained by decanting the ether (0.008-0.010 g, 27-30%).
Anal. Found: C, 50.21; H, 3.73; N 6.95, Calcd for C34H32Cl2N4 0 2 Pt: C, 51.39; H, 4.06; 
N, 7.06. VnVcm-': 3054 (C-H), 1639 (C=N), 1595 (C=C), 967.6 (lraw-CH=CH). 8 h (300 
MHz; CDCI3): 2.96 (s, 3H, NMe), 5.89 and 5.98 (s, IE , two diasteromeric N-CH-N),
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7.67-7.37 (m, 12H), 7.58 & 7.50 (br, IH, CH=(nitrile)), 7.55 & 7.40 (br, IH, 
CH=(nitrile)). 6 . (300 MHz; CDCI3): 46.2 (NMe), 91.9 (N-CH-N), 111.2 and 111.3 
(CH=), 144.7 and 144.8 (CH=), 128.16, 128.18, 128.41, 128.58, 128.59, 128.96, 129.06, 
129.31, 129.33, 130.95 (4xPh). ’’^Pt (500 MHz; CDCI3) -2197.7 (752Hz). FAB-MS, m/z: 
817 [M +Na]\ 723 [M-2CI]*.
47. Synthesis of transition metal oxadiazoline complex, t/*flHs-[PtCl2{N=C(CH=CHPh)0 - 
N(Me)-CH(Ph)}{N =C-CH=CHPh}]
Ha MeHb
v y
P ~ \  Ph
p /  Hd 333
A mixture of [?ra«5 -(PtCl2 {N =  C-CH=CHPh}2] 327 (0.025 g, 0.047 mmol) and C- 
Phenyl-N-methyl nitrone 322 (0.006 g, 0.047 mmol) is prepared in a pyiex glass reaction 
tube using dichloromethane (2 ml) as the solvent. The mixture is iiTadiated with 
microwaves at a set temperature of 1 0 0  °C for 1200 seconds. After irradiation, the 
mixture is allowed to cool and evaporated under reduced pressure to give a light yellow 
oily residue. The residue is piuified by column cluomatogiapliy (silica, DCM) and 
fractions were collected by elution with dichloromethane. The first fraction collected was 
evaporated under reduced pressure to give a light yellow oil which on trituration with 
diethyl ether gave yellow solid (0.012 g, 35-40%).
Anal. Found; C, 47.60, H, 3.61; N, 6.34; Calcd for C26H23Cl2N3 0 Pt: C, 47.35; H, 3.52; N, 
6.37. Vrnax/cm ': 3055 (=C-H), 2270 (C=N), 1642 (C=N and C=C), 967 (/ran3r-CH=CH). 
5h (300 MHz; CDCI3): 3.00 (s, 3H, NMe), 5.95 (s, IH, N-CH-N), 6.03 (d, /  = 16 Hz, 
CH=(nitrile)), 7.54 (d, /  = 16 Hz, IH, CH=(nitrile)), 7.49 (d, J  = 16 Hz, IH, 
CH=(oxadiazoline)), 7.38-7.30 (m, 13H), 7.62-7.57 (m, 2H, 3xPh). 6 . (300 MHz; 
CDCI3): 46.7 (NMe), 92.1 (N-CH-N), 93.7 (CH=, nitrile), 156.3 (CH=, nitrile), 111.0 
(CH=, oxadiazole), 146.3 (CH=, oxadiazole), 127.8, 128.1, 128.5, 129.1, 129.3, 129.5,
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129.9, 131.3, 132.6, 134.0 (3xPh). ‘®^ Pt (500 MHz; CDCI3): -2268 (750Hz). FAB-MS, 
m/z: 682 [M+Na]*, 623 [M-Cl]*, 588 [M-2C1]*.
48. Synthesis of Pd(II)-bouud trans-cinnamonitirle complex, 
trans-[PdCl2 {N =C-CH=Ph}2]
H Ph\  /
><f-,C H
H y
A suspension of PdCli 335 (100 mg, 0.56 mmol) in ^?w25-cinnamonitrile 230 (0.5 ml) 
was heated to 60 °C for two weeks until the dark PdCb was completely dissolved. 
Diethyl ether was added, the orange solid was filtered off, washed with diethyl ether and 
dried in air. (6 8 %)
Anal. Found: C, 49.77; H, 3.09; N, 6.37; Calcd for CigHwClzNzPd: C, 49.63; H, 3.24; N, 
6.43. FAB'^-MS in cimiamonitrile, m/z: 309 [M]"^ . Vmax/cnf*: 3010 w (C-H),
2276 m (C =N), 1613 m (C=C), 965 m (trans-RC^CB.), Ôh (300 MHz; CDCI3): 6.03 (d, J  
= 16Hz, IH, =CH-CN), 7.41-7.52 (m, 5H, Ph), 7.66 (d, J=  16Hz, IH, =CH-Ph).
49. Synthesis of transition metal oxadiazoline complex, /rflHs-[PdCl2{N=C(CH=CHPh)0- 
N(Me)-ciH(Ph)}2].
! C -'N
<YN— I/  \  Ph PhHbMe Ha 337
A suspension of tra«^'-[PdCl2 {N=C-CH=CHPh}2] 336 (50 mg, 0.16 mmol), N-methyl-C- 
phenyl nitrone (47 mg, 0.35 mmol) in cimiamonitrile (0.5 ml) was heated at 60 °C
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overnight whereupon a clear orange solution fonned. The product precipitated with 
diethyl ether as a pale yellow powder which was filtered off and dried in air (6 8 %).
Anal. Found: C, 56.51; 4.66; N, 8.52; Calcd for C34H32Cl2N4 0 2 Pd: C, 57.85; H, 4.57; N, 
7.94. v™x/cm‘‘: 3060 (=C-H), 1647 (C=N), 1625 (C=C), 965 (lrans-HC=CH). 5h (300 
MHz; CDCI3): 2.94 (s, 3H, NMe). 5.83 (s, IH, N-CH-N), 7.46 (d, J=  16.1 Hz, IH, CH=), 
7.68 (d, / =  16.0 Hz, IH, CH=), 7.30-7.50 (m, 8 H) and 7.66 (d, 7 =  7.4 Hz, 2H) (two Ph). 
8 c (300 MHz; CDCI3): 46.7 (NMe), 92.0 (N-CH-N), 112.3 (CH=), 126.2, 128.2, 128.8,
128.9, 129.2, 131.2, 134.8 and 142.4 (two Ph), 145.5 (CH=), 163.3 (C=N). FAB-MS, 
m/z: 669 [M-Cl]*.
50. Synthesis of 2-methyl-3-phenyl-5-[(£)-2-phenylvinyl]-2,3-dihyclro-A‘'-l,2,4-oxadizole 
by displacement of the oxadiazoline complex from the palladium complex.
Ha P h - \
Me Hb
r - >cN
He"
Ph339
I
To a solution of the palladium complex /ru7ï^-[PdCl2 {N=C(CH=CHPh)0 -N(Me)- 
cii(Ph)}2] 337 (50 mg, 0.071 mmol) in CHCI3 (1 ml), an excess of an aqueous solution 
of methyl amine 338 (0.2 ml, 40% solution) was added and the reaction mixtine was 
stirred at 50 °C for 10 minutes. The organic phase was separated off and filtered through 
a plug of silica gel. After evaporation of the solvent, the product was obtained as 
colourless oil which solidified upon standing (8 8 %).
Vrnax/cm'^ : 3062 and 3029 (=C-H), 1656 (C=N and C=C), 972 (/ra«j-CH=CH). Ôh (300 
MHz; CDCI3): 2.94 (s, 3H, NMe), 5.68 (s, IH, N-CH-N), 6.71 (d, / =  16.3 Hz, IH, CH=), 
7.45 (d, / =  16.3 Hz, IH, CH=), 7.31 (t, J =  7.2 Hz, IH), 7.37 (m, 5H), 7.43 (d, J =  7.2 
Hz, 2H) and 7.50 (d, J  = 7.2 Hz, 2H) (two Ph). ôc (300 MHz; CDCI3): 47.2 (NMe), 93.9 
(N-CH-N), 112.9 (CH=), 126.7, 127.8, 128.8, 129.2, 130.2, 135.1 and 140.0 (two Ph),
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141.9 (CH=), 160.4 (C=N). Accurate mass-MS, m/z: Found: 264.126 Calcd for 
C 17H 16N2O: 264.125 [M f.
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